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Abstract.  Nanopatterns resulting from two beam interference in single, double and multi-exposures were simulated. 
Several patterns were fabricated for comparison of experiment and simulation allowing to judge the qulity of the 
simulation tool. Experimental and simulation results were consistent for single and double exposures. Photoresist 
nanofibers attached and detached from the substrate were fabricated with little changes in the development 
procedure.  It is shown that with increasing number of exposures a wide variety of patterns with very fine structures 
and sophisticated geometries can be generated. Fresnel-lens type structures are formed when the number of 
exposures was increased. These may find applications in areas such as security patterns and diffractive optical 
elements. 
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1 Introduction 

Periodic micro- and nanostructures have found numerous applications in different optical fields 

such as antireflection coating layers,1 photonic crystals,2 diffraction gratings,3 magnetic devices,4 

biochemical sensors and surface optics,5 diffractive lenses,6 but also in biology, such as the 

assessment of the adhesion and expansion of periodontal ligament (PDL) fibroblasts.7 

There are several techniques for fabricating nanostructures on solid substrates, such as ion beam 

lithography (IBL) or electron beam lithography (EBL). These methods have advantages in the 

fabrication of structures at scales smaller than optical lithography with flexibility in the pattern 

design. However, they are time-consuming, involving multistep procedures, are expensive and 

not able to produce nanostructures on large areas (many square centimeters).1, 4 
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An alternative method for the fabrication of nanopatterns on solid substrates is laser interference 

lithography (LIL) where two or more coherent laser beams interfere on a substrate covered with 

a layer of photoresist.8, 9 This lithographic technique relies on constructive and destructive 

interference writing pattern into photoresist films. LIL is a fast and inexpensive, mask-less 

technique which can be used to fabricate periodic defect free nanostructures with exceptional 

pattern flexibility over large areas.  

A variety of 1D, 2D and 3D nano- and microstructures such as membrane reflectors,10 

microsieves,11 guided-wave gratings,12, 13 periodic magnetic nanodot arrays,4 microdisks,14 

photonic crystals for the visible spectrum,15 three-dimensional periodic patterns,16 3-D polymeric 

photonic structures,17 recording holographic micropatterns in film systems,18 have been 

fabricated using multi-beam laser interference and multiple exposure lithography.  

We doubt that LIL’s potential abilities have been fully revealed yet. To show several additional 

capabilities of LIL, we present simulations and experimental results of single and multiple 

exposure samples. The interference patterns obtained from simulations for multiple exposures 

(e.g. 6 successive exposures) show a wide variety of structures. As an example, Fresnel-lense19 

type structures appear when the number of exposures is increased. 

 

2 Two beam interference 

There are various configurations for LIL. However, the Lloyd’s mirror configuration is the most 

used arrangement among them.20 The Lloyd’s mirror interferometer is based on the interference 

of two coherent laser beams. It consists of a mirror which is usually mounted perpendicular to 

the sample carrying the photoresists. It is worth to mention that new configurations for Lloyd’s 

mirror interferometer have been introduced mounting the mirror in a non-perpendicular fashion 
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to the sample.10, 12 For all configurations of the Lloyd’s mirror interferometer a laser beam is 

incident on both the mirror and the sample. The portion of the beam which is reflected off the 

mirror surface interferes with the part of the beam that is directly incident on the sample (Fig.1a). 

This interference leads to an intensity distribution in the photoresist (Fig. 1(b)) where, after the 

resist’s developing, parallel photoresist stripes on the sample surface are present. Mesh-like 

patterns can be obtained using a double-exposure technique, where after the first exposure the 

substrate is rotated by 90° and is exposed again.11-13, 21-23 

One of the principal advantages of the Lloyd’s mirror technique is its simplicity to create a 

variety of low cost periodic nanoscale patterns over a relatively large substrate area with high 

throughput.5, 20, 23-25 

 

Fig. 1 Schematic diagram of the Lloyd’s mirror interferometer: (a) basic experimental set-up, (b) intensity 

distribution on the sample in the case of a homogeneous intensity profile in the laser beam. 

3. Theoretical Background 

We consider interference between two linearly polarized plane waves of the forms 

 𝐸ሬ⃗ ଵ(𝑟, 𝑡) = 𝐸ሬ⃗ ଴ଵ cos൫𝑘ሬ⃗ ଵ. 𝑟 − 𝜔𝑡 + 𝜀ଵ൯, (1) 

 𝐸ሬ⃗ ଶ(𝑟, 𝑡) = 𝐸ሬ⃗ ଴ଶ cos൫𝑘ሬ⃗ ଶ. 𝑟 − 𝜔𝑡 + 𝜀ଶ൯, (2) 

(a) (b) 
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where 𝐸ሬ⃗ ଵ(𝑟, 𝑡) and 𝐸ሬ⃗ ଶ(𝑟, 𝑡) represent electric fields of interfering waves, at the observation point 

P, defined by position vector 𝑟, in time 𝑡, and 𝐸ሬ⃗ ଴ଵand 𝐸ሬ⃗ ଴ଶ are two wave amplitudes, 𝑘ሬ⃗ ଵ and 𝑘ሬ⃗ ଶ 

are propagation vector of two waves, 𝜀ଵ and 𝜀ଶ are initial phase angles, Both waves have the 

same frequency 𝜔. Based on the principle of superposition (𝐸ሬ⃗ = 𝐸ሬ⃗ ଵ + 𝐸ሬ⃗ ଶ) and relation between 

amplitude of an electromagnetic wave with its irradiance (𝐼 = 𝑐𝜀଴𝐸଴
ଶ 2⁄ ) the following can be 

obtained for the total irradiance of the two interfering waves on the sample 

 𝐼 = 𝐼ଵ + 𝐼ଶ + 𝐼ଵଶ, (3) 

where 𝐼ଵ and 𝐼ଶ are irradiances of the individual waves, 𝐼ଵଶ is known as the interference term 

which interference term given by 

 𝐼ଵଶ = 𝐸ሬ⃗ ଴ଵ. 𝐸ሬ⃗ ଴ଶ cos 𝛿, (4) 

With 𝛿 representing the phase difference resulting from path length differences and the initial 

phase differences. It can be expressed by 

 𝛿 = ൫𝑘ሬ⃗ ଶ − 𝑘ሬ⃗ ଵ൯. 𝑟 + (𝜀ଶ − 𝜀ଵ), (5) 

In the case where the electric fields of incoming waves 𝐸ሬ⃗ ଴ଵ and 𝐸ሬ⃗ ଴ଶ are polarized and parallel, 

the interference term can be simplified and written as 

 𝐼ଵଶ = 2ඥ𝐼ଵ𝐼ଶ cos(𝛿), (6) 

Where in addition both interfering beams have equal amplitudes (𝐼ଵ = 𝐼ଶ = 𝐼଴) Eq. (6) leads to 

 𝐼 = 4𝐼଴𝑐𝑜𝑠ଶ(𝛿 2⁄ ), (7) 

Equation (7) is used here to obtain the interference intensity pattern of a Lloyd’s mirror 

interferometer. According to Fig.1 and taking an additional phase shift of 𝜋 for the reflection 

from the mirror surface into account, the following equation for 𝛿 can be obtained 

 𝛿 = (2𝜋 𝜆⁄ ) × (2𝑦 sin 𝜃) + 𝜋, (8) 
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where 𝜆 is the incident beam wavelength, 𝑦 is the component of the 𝑟 vector at point P on the 

sample, and 𝜃 is the angle between the mirror surface and the incident beam. The first term 

represents the phase difference resulting from the path length difference |𝐴𝑃 − 𝐵𝑃| (Fig.1). By 

substituting Eq. (8) into Eq. (7) the intensity distribution in the photoresist is obtained 

 𝐼 = 4𝐼଴𝑠𝑖𝑛ଶ(2𝜋𝑦 𝑠𝑖𝑛 𝜃 𝜆⁄ ), (9) 

According to Eq. (9), the periodicity of the fringes is obtained by 

 𝑃 = 𝜆 2 𝑠𝑖𝑛 𝜃⁄ , (10) 

It can be seen from Eq. (10) that 𝑃 increases with increasing 𝜆 and when the incident angle 𝜃 

increase from 0 to 𝜋 2⁄ , 𝑃 decreases from infinity to 𝜆 2⁄ . 

4 Experimental 

Fig.2 shows the scheme of the Lloyd’s mirror interference lithography setup. It consists of a high 

reflectivity mirror and a sample holder which is mounted perpendicularly to the mirror on a 

rotation stage. Positive photoresist S 1805 (Shipley) was spin-coated at 3000 rpm for 45 seconds 

onto the glass substrates. The photoresist is diluted by the thinner P to reach the desired thickness 

around several hundreds of nanometers. Prior to exposure the photoresist is soft-baked for 30 

minutes at 90 °C. A continuous laser wave emitted from a HeCd laser at 𝜆 = 442 𝑛𝑚 was 

focused by a 40x objective lens into a pinhole with a diameter of 5𝜇𝑚. The beam then was 

collimated by a lens with f = 20cm. After exposure, the photoresist was developed in M319 

developer and hard baked at 120 °C for 30 minutes. The fabricated structures were characterized 

by SEM. 
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Fig.2 Configuration of the employed LIL setup. 

5 Results 

In order to test our simulation software and to test photoresist nanofiber production we have 

fabricated single and double exposed structures similar to the previously demonstrated structures 

by Ertorer et al.23. Fig. 3a shows an electron microscopy image of a single exposure sample, Fig. 

3b of the corresponding simulation: parallel stripes. For 𝜆 = 442 𝑛𝑚 and 𝜃 = 19.8˚ it leads to 

nanopatterns with periodicity of 652 𝑛𝑚. The obtained experimental data are in excellent 

agreement with the simulations. 
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Fig. 3 Interference pattern from a single exposure: (a) SEM image of a LIL fabricated photoresist sample, and (b) 

simulation results. The angle between the mirror and the sample in the LIL setup was 20˚. 

Fabricating nanofibers (Fig.4) on solid substrates and detaching nanofibers are possible with 

LIL. To create nanofibers the sample needs to be developed carefully. The nanofiber samples 

were exposed once to achieve the stripe pattern. Development time was increased by 5 seconds. 

Increasing the development time further detaches the photoresist nanofibers from the substrate. 

A diameter of 200 nm was achieved for the shown photoresist nanofibers (Fig.4). 

 

Fig. 4 Micrograph of photoresist nanofibers on a silicon wafer. The diameter of the nanofibers is 200 nm. 

In LIL-double-exposure experiments the sample is rotated by an angle 90° after the first 

exposure. Fig. 4(a) to 4(d), show simulation and experimental results for LIL-double-exposure 

with different (4(a) and 4(b)) and equal (4(c) and 4(d)) expousr times.  Again an excellent 
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agreement between experiment and simulation can be seen. We conclude: by achieving an 

excellent agreement between experiment and theory also in comparison to26 that our simulation 

software produces reliable results. 

 

Fig. 5 Example from a double exposure: (a and c) SEM image of the photoresist pattern, and (b and d) simulation 

results. The exposure times for the first and the second exposures are 𝑡ଵ=30 s and 𝑡ଶ = 20 s for (a and b) and, are 

𝑡ଵ=30 s and 𝑡ଶ = 30 s for (c and d), respectively. 

The obtained results here and in26 show that with increasing the number of exposures and 

varying exposure times, a wide variety of patterns with very fine structures and sophisticated 

geometries, presenting high order symmetry, can be created. These structures can improve the 

adhesion or wetting properties, induce random lashing and enhance the light output in emitting 

devices or can be used in cell adhesion studies.9, 23, 27-30 

Potential applications of nanostructures can be predicted when information on their dimensions 

and shapes are available. Obtaining such information experimentally is expensive and time 
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consuming. However simulation is helpful, quick and cost effective. Letailleur et al. have 

reported 5-6 exposure experimental results which are in good agreement with simulated 

interference patterns.9 To further study the possibilities we have simulated LIL experiments with 

multiple exposures. In multiple LIL-exposure experiments the sample is exposed n-times with n 

individual exposure times and rotated in-between by 360°/𝑛. We use the index 𝑖 to label the 

successive exposures. 𝑡௜ and 𝜙௜ represent the exposure time and rotation angle corresponding to 

exposure number 𝑖, respectively. However, not neccesarely the rotation angles and the exposre 

times have to be chosen all identical, respectively. A huge variation spectrum is available. Four 

different simulated interference patterns are presented in Fig. 6 for n exposures with n = 3, 4, 12 

and 36. Here all exposure times were chosen equal as well as the rotation angle (𝜙௜ = 𝜙௜ାଵ and 

𝑡௜ = 𝑡௜ାଵ). Fig. 6(a) at n = 3 shows a hexagonal pattern of homogeneously distributed dots. Fig. 

6b consists of sophisticated shapes which are distributed around dots. These dots form an 

octagonal pattern as clarified by the lines in the center of the image. We see that 2n is the 

symmetry order for each pattern which is reasonable having the mirror assembly of the Lloyd 

interferometer in mind. Fig.6b to 6d show that when the number of exposures exceeds three 

(𝑛 >  3), circular patterns appear at the central part of the sample, right there where the center of 

rotation is located. The number of rings at the central part of the pattern increases by increasing 

the exposure number. For example, for eighteen exposures with a rotation angle of 𝜑௜  =  10° the 

number of rings formed is 4 and for 36 exposures with 𝜑௜  =  5°. the number of rings formed is 

10. These results show that LIL can be used to fabricate diffractive and micro-optical elements, 

such as diffractive (Fresnel-) lenses. Fig. 7 shows a 3D simulated profile of concentric rings. The 

difference between radii of two adjacent rings is the same for all the rings. According to our 

simulations and data analysis the radii of the rings are only dependent on 𝜆 and 𝜃. The difference 
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between the radii of two adjacent rings is 𝛥𝑟 = (𝜆/2)𝑠𝑖𝑛𝜃, which is in agreement with the 

interference patterns periodicity (Eq.10). Rings with minimum intensities are located exactly 

between rings with maximum intensities. Therefore, we can obtain ring radii if we know the 

radius of the first ring. We found that the radius of the first ring can be expressed by 

 𝑟଴ ≅ 0.61(𝜆 2 sin 𝜃⁄ ) = 0.61𝑃, (11) 

where 𝑃 is pattern periodicity in single exposure (see Eq. 10). A simple mathematical approach 

shows that the radii of the rings can be obtained from 

 𝑟௡ ≅  𝑟଴ + (𝑛 − 1)𝑝 = (𝑛 − 0.39)𝑃, (12) 

where n is an integer and starts from one. 

In order to show how rings appear in multiple exposure-LIL, we wrote a simple computer 

program to generate several parallel lines such as those appearing in single exposure. Then the 

lines were rotated n=36 times around an axis (Fig. 8). It can be seen how the circular patterns 

form. 
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Fig. 6 Simulated interference pattern: a) n = 3, b) n = 4, c) n = 12, and d) n = 36. The exposure times of  two 

successive rotations were equal. 

. 

 

Fig.7 3-D view of the simulated pattern in which 𝜆 = 442𝑛𝑚, 𝜑௜ = 2° for 90 rotations 

(a) (b) 

(d) (c) 
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Fig.8. A pattern which is created by n=36 rotations of several parallel, equally spaced lines.  

 

Figure 9 shows some of the resulting simulation patterns from multiple exposures with varying 

angles 𝜙௜ and exposure times 𝑡௜. The rotation angles of two successive exposures are not equal 

but the exposure times for two successive exposures are equal (𝜙௜ 𝜙௜ାଵ and 𝑡௜ = 𝑡௜ାଵ). Fig. 10 

shows a simulated pattern for n = 6. Rotation angles are all equal (30°), but exposure times are 

varied: 𝑡ସ = 𝑡ଵ, 𝑡ହ = 𝑡ଶ = 2𝑡ଵ, 𝑡଺ = 𝑡ଷ = 3𝑡ଵ 
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Fig. 9 Simulated pattern for multiple exposures. For two successive exposures t୧ = t୧ାଵ but the rotation angles were 

(a) 𝜑ଶ௜ିଵ = 10°and 𝜑ଶ௜ = 20° (b) 𝜑ଶ௜ିଵ = 15° and 𝜑ଶ௜ = 30° (c) 𝜑ଶ௜ିଵ = 20° and 𝜑ଶ௜ = 40° (d) 𝜑ଶ௜ିଵ = 30° and 

𝜑ଶ௜ = 60°(𝑖 = 1, 2, …) 

(a) (b) 

(c) (d) 
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Fig.10 Simulated pattern for n = 6. Rotation angles were all equal 30° but exposure times were varied: 𝑡ସ = 𝑡ଵ, 𝑡ହ =

𝑡ଶ = 2𝑡ଵ, 𝑡଺ = 𝑡ଷ = 3𝑡ଵ 

6 Conclusion 

Single, double and multiple exposures in laser interference lithography were simulated. For 

single and double exposures samples were fabricated to ensure a proper functioning of the 

simulation tool. In addition a recipe was developed to fabricate photoresist nanofibers detaching 

from the silicon substrate surface. The simulation results are consistent with the experimental 

outputs. Simulations were carried out for multi-exposures and a variety of patterns obtained. The 

simulation results showed that LIL can be used to fabricate circular structures similar to Fresnel-

lenses. These results show that LIL is not only able to produce 1D and 2D nanostructures but is 

able to fabricate nano- and micro- rings having applications in devices needing diffractive optical 

elements. 
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