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Abstract: Fabrication of two- and three-dimensional (2D 
and 3D) structures in the micro- and nano-range allows 
a new degree of freedom to the design of materials by tai-
loring desired material properties and, thus, obtaining 
a superior functionality. Such complex designs are only 
possible using novel fabrication techniques with high 
resolution, even in the nanoscale range. Starting from a 
simple concept, transferring the shape of an interference 
pattern directly to the surface of a material, laser interfero-
metric processing methods have been continuously devel-
oped. These methods enable the fabrication of repetitive 
periodic arrays and microstructures by irradiation of the 
sample surface with coherent beams of light. This article 
describes the capabilities of laser interference lithographic 
methods for the treatment of both photoresists and solid 
materials. Theoretical calculations are used to calculate 
the intensity distributions of patterns that can be real-
ized by changing the number of interfering laser beams, 
their polarization, intensity and phase. Finally, differ-
ent processing systems and configurations are described 
and, thus, demonstrating the possibility for the fast and 
precise tailoring of material surface microstructures and 
topographies on industrial relevant scales as well as sev-
eral application cases for both methods.

Keywords: direct laser interference patterning; laser inter-
ference; laser interference lithography; periodic struc-
tures formation; surface functionalization.

1  Introduction
Surfaces with controlled topographic characteristics can 
provide enhanced properties in comparison to surfaces 
with a random roughness [1]. Several examples of ordered 
topographies can be found on the surfaces of different 
plants and animals, resulting from several 1000 years of 
evolution. In this way, nature has shown to be the best 
technologist to overcome any survival challenge by using 
bottom-up approaches of patterning.

Laser-based technologies can provide the required 
technological and economical aspects to reproduce such 
surfaces using a top-down approach [2]. One technology 
capable of producing periodic surface structures is laser 
interference lithography (LIL) [3, 4]. In LIL, the standing 
wave pattern existing at the intersection of two or more 
laser beams is used to expose a photosensitive layer such 
as a resist in a parallel manner. In the case of a nega-
tive resist, the positions corresponding to the intensity 
maxima of the interference pattern are photopolymer-
ized and after development, a periodic variation of the 
surface topography results. LIL has important advan-
tages compared to other serial lithographic methods 
such as electron beam lithography (EBL) or ion beam 
lithography (IBL) including a higher efficiency and a 
wider workspace. Other advantages include low cost and 
high throughput, no contamination on the surface as the 
material is polymerized and not ablated, the capability 
to fabricate patterns in large areas (up to hundreds of 
mm in diameter), as well as software-controlled re-con-
figurable patterns (with different periods, feature sizes, 
and pattern shapes) [4].

If laser systems with sufficient pulse energy are 
utilized, the irradiated materials can be directly pro-
cessed. Hence, the method has been called, in this 
case, direct laser interference patterning (DLIP) [5–10]. 
Similar to laser-based fabrication methods, the laser 
radiation can be used to facilitate various metallurgi-
cal processes, such as melting, recrystallization or 
 crystallization of amorphous materials. This aspect was 
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intensively studied in the nineties for silicon [11–13]. 
Also, the formation of intermetallic phases and grain 
size architectures has been reported in metals as well 
as thin films [14, 15].

The most important requirement to produce a peri-
odic structure using DLIP is that the material to be pro-
cessed must absorb the energy of the laser at the selected 
wavelength. The laser must provide also sufficient pulse 
energy (from tens of μJ to some J) to be capable of ablat-
ing or modifying the material directly. Depending on the 
nature of the interaction of the laser light with the used 
materials, the microstructuring process can be based on 
mechanisms of photothermal or photochemical nature as 
well as a combination of both (photophysical ablation) 
[16, 17].

In this review, the capabilities of LIL and DLIP 
methods are described. First, calculations of the inten-
sity distribution of interference patterns as a function of 
the number of beams, polarization, intensity and phase 
are given. After that, the fabrication of periodic arrays on 
photopolymerizable materials and solids are described. 
Also, different processing systems and configurations 
are described. In all cases, information about the pos-
sible resolution is given as well as the areas that can be 
treated. In particular, for high-throughput/large-volume 
applications, a new strategy consisting of direct-treating 
metallic sleeves using DLIP for their use in roll-to-roll 
embossing methods is introduced. Finally, different 
applications where LIL and DLIP methods have been 
used are summarized.

2   Interference principle
Laser interference fabrication methods take advantage 
of the periodic or quasi-periodic sub-micrometer inter-
ference patterns generated by the superposition of two 
or more coherent light beams, defining one-dimensional 
(1D), 2D, or even 3D geometries [18].

The electric field resulting from the superimposition 
of N laser beams can be expressed as:

 1 1

cos(   2 )
N N

m m m m m
m m

E E A p kn r tπν φ
= =

= = ± +∑ ∑
� � � � �

 
(1)

where Am is the amplitude, 
mp
�  is the polarization vector, 

k = 2π/λ is the wave number, λ is the wavelength of the 
laser radiation, mn

�  is the unit vector in the propagation 
direction, r�  is the position vector, v is the frequency, and 
φm is the phase constant [19].

It can be seen from equation (1), that the electric 
field is a function of the amplitude, phase, polariza-
tion plane, angle of incidence, and wavelength of the 
N beams (with a minimum of two) and so will be the 
interference pattern. In a practical LIL configuration, the 
wavelength of the light source is defined by the laser, 
and any difference in phase will lead to a spatial transla-
tion of the interference pattern. The signal amplitudes of 
all the beams that are the same as their optical paths are 
almost the same. In consequence, there are mainly three 
parameters that will determine the interference pattern 
[3, 18, 19].

The central parameter determining the geometrical 
shape of the interference pattern is the number of inter-
fering beams [N in equation (1)]. The angles of incidence 
of the sub-beams are responsible for the spatial period 
of the pattern, and the polarization of the beams mainly 
controls the intensity profile of the interference pattern. 
In addition, the laser wavelength determines the smallest 
achievable periodic pattern (i.e. for a two-beam interfer-
ence pattern λ/2).

As a result, a huge number of geometries and sizes 
of the exposed patterns are possible. Some examples of 
calculated interference patterns with two, three, and four 
laser beams are shown in Figure 1 [19]. While two laser 
beams lead to a line-like shape (1D pattern, see Figure 
1A and B), three laser beams with different angular posi-
tions permit to obtain 2D patterns (Figure 1C–E). For a 
perfect symmetrical three-beam configuration, a hexago-
nal arrange can be produced (Figure 1E). Using four laser 
beams, more complex patterns are possible as shown in 
Figure 1F–J. The effect of the incident angle on the spatial 
period is shown in  Figure 1A,B,F and G, for a two- and 
four-beam configuration, respectively (the incident angle 
is defined as the angle between the laser beam and the 
line perpendicular to the surface). Although the geom-
etry of the pattern is not affected by the incident angle, 
larger angles permit to reduce the spatial period (see, for 
example.  Figure 1A,B,F and G) [19].

3   Laser interference lithography
LIL [4, 20] is a maskless fabrication method, which is 
based on the exposure of a photoresist layer with two or 
more coherent light beams. Some research groups have 
referred to this method as interferometric lithography (IL) 
or holographic lithography [21–24].

LIL has been used to make patterned substrates that 
are used in a variety of applications including photonic 
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crystal waveguides, field-emission flat-panel displays, 
antireflective surfaces, and light-trapping concepts for 
solar cells [25]. In addition, patterned photoresist struc-
tures can be used to form templates for nanoparticle 
assemblies that can be incorporated into nanophotonic 
devices [25].

The most important parameters controlling the LIL 
process include the exposure dosage, the beam power, 
and the half angle between beams. In addition, optimi-
zation of the generated patterns is of great importance, 
which has been achieved by the application of anti-reflec-
tive coating materials, also called bottom anti-reflection 
coating (BARC) [4, 26]. To simplify the process, a single-
beam Lloyd’s mirror interferometer is generally used (see 
Section 5 for additional information) [27]. The wavelength 
of the laser should match the sensitivity and absorption of 
the resist. At the same time, the coherence length should 

be long enough to overcome the optical path length differ-
ence. For example, pulsed lasers have coherence lengths 
in the range of their pulse length, whereas continuous 
wave (CW) lasers have a very long coherence length (of 
several meters). CW lasers have the additional advantage 
that the exposure dose can be easily controlled by varying 
only the exposure time [26]. The spatial intensity distri-
bution of the pattern is then transferred to a photoresist 
layer.

An example of a periodic line-like structure produced 
using two laser beams is shown in Figure 2A [28]. Using 
this approach, after only a few minutes of UV light expo-
sure, followed by photoresist development and chemical 
etching, the periodic shape of the pattern could be trans-
ferred to the solid Si substrate (spatial period ~500 nm).

To increase the complexity of the periodic struc-
tures, two different strategies can be used. For example, 

Figure 1: Simulations of interference patterns using: (A and B) two laser beams with different angles of incidence; (C–E) three beams with 
different angular positions; (F and G) four laser beams with different angles of incidence and (H–J) different angular positions [19]. Red 
depicts highest dose (intensity maxima positions) and blue the lowest dose.

Figure 2: (A) Line-like periodic produced on Si substrate using two-beam LIL after development and chemical etching. The spatial period is 
approximately 500 nm [28]. Pillar and hole-like patterns produced using double exposure with 90° rotation in (B) positive and (C) negative 
photoresists [26] (Reprinted with permission from Ref. [26]).
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rotating the substrate over a certain angle and expose 
the substrate a second time creates new patterns like 
isolated lines, cubic and hexagonal structures of pillars 
and holes. Figure 2B and C shows arrays of pillars and 
holes, which were produced by rotating the sample 90° 
degrees between two exposures with the same period. In 
the example shown in Figure 2B, a positive photoresist 
was used, which means that the material correspond-
ing to the interference maxima is removed during the 
 development process. On the contrary, if a negative resist 
is used, such as that shown in Figure 2C, the material is 
polymerized at the maxima, and thus, the inverse struc-
ture is obtained.

The second possibility to increase the complexity 
of the structures is to use more than two laser beams to 
produce the interference pattern. As explained in the 
previous section, this permits to produce a very large 
amount of geometries, even using only three or four 
sub-beams.

Figure 3 shows the created periodic structures using 
a four-beam configuration using two different expo-
sure doses. In this case, a polyethylene glycol diacrylate 
hydrogel mixed with a photoinitiator (camphorquinone) 
was irradiated with femtosecond laser pulses with total 
exposure doses of 4.1 and 40.6 J/cm2 for Figure 3A and B, 
respectively [29]. Furthermore, as the utilized mate-
rial combination is transparent for the used wavelength 
(800  nm), the photopolymerization process could only 
be explained by multi-photon absorption, i.e. at a wave-
length at which the resist absorbs two or more photons 
simultaneously (e.g. 400 nm for two-photon absorption).

The experimentally obtained period was 2.85 μm, which 
is in agreement with the calculated value of 2.96 μm. The 
calculated intensity distribution of the interference pattern 
is shown in Figure 3A inset. The height and base width of 

the fabricated pillars increase with increasing exposure 
dosage from 1.4 μm and 1.1 μm to 3.0 μm and 1.61 μm,  
respectively.

Considering the possible resolution of LIL methods, 
periodic patterns with spatial periods in the sub-microm-
eter range could be fabricated (i.e. 150–300 nm) using UV 
laser sources [26]. In addition, areas up to 1.2  m × 1.2  m 
have been treated with feature sizes between 100 nm and 
100 μm [30].

4   Direct laser interference 
patterning

As mentioned in Section 1, using pulsed laser systems, 
it is also possible to directly treat solid materials such 
as metals, ceramics, and polymers. Different from LIL, 
a binary structuring of the materials (corresponding 
to periodic patterns with vertical walls) is not possi-
ble, as the periodic intensity distribution is generally 
described by a trigonometric function (i.e. sinus shape 
for a  two-beam setup), which is directly transferred to 
the  material surface. Furthermore, due to the charac-
teristic of the DLIP process, also thermal effects can be 
locally induced producing thermal gradients and, in 
some cases, even the flow of material (i.e. when irra-
diation metals with ns pulses). Therefore, the combina-
tion of laser-processing parameters (such laser energy 
density, pulse duration, laser wavelength) determines 
the nature of the interaction process with the material 
obtaining very different structures and geometrical fea-
tures. In the following, different examples of processed 
materials with nanosecond, picoseconds, and femtosec-
ond pulses are given.

A B

Figure 3: Scanning electron microscope images of PEG-DA pillars fabricated using 95-fs laser pulses and four-beam configuration with 
exposure dosages of (A) 4.1 and (B) 40.6 J/cm2. The inset in (A) shows the calculated intensity distribution [29].
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Nanosecond DLIP: In the case of materials treated with 
ns pulses (i.e. bulk metals), few laser pulses and large 
periods produce more homogeneous structures with char-
acteristic sinus-shape topography. For small periods, due 
to the large thermal conductivity of metals, the heat is 
easier evacuated from the interference maxima toward 
the interference minima, and thus, the difference in tem-
perature between this both regions is smaller [31]. This 
effect makes it difficult to melt the metal only at the inter-
ference maxima [6, 15, 32]. Consequently, smaller aspect 
ratios (quotient between structure height and period) can 
be achieved.

Examples of typical topographies can be observed in 
Figure 4. Both line-like and cross-like patterns are pro-
duced with a two-beam interference setup (see Figure 
4A and C, respectively). For the latter, like in the pat-
terns shown in Figure 2B and D, two irradiations steps 
are needed, and the substrate was rotated 90°. For the 
 hexagonal arranged patterns of Figure 4B, three laser 
beams were used. Note that the quality of the structure 
produced in copper (Figure 4A) is lower than the patterns 

produced in steel (Figure 4B and C) due to the high thermal 
conductivity of copper.

Picosecond DLIP: Recently, also ultrashort pulsed laser 
systems have been used to treat both bulk materials and 
coatings using DLIP. Compared to ns laser pulses, struc-
tures with spatial periods even in the sub-micrometer 
range can be produced due to the reduced heating of the 
sample [33].

Examples of treated thin metallic films are depicted in 
Figure 5. In this case, a four-beam configuration was used. 
As explained in Section 2, a phase difference between the 
used beams can lead to changes in the geometry of the 
interferences pattern [see equation (1)]. If the four laser 
beams are arranged symmetrically, and the phase differ-
ence is set to zero, a quadratic matrix of circular holes is 
obtained. This case can be observed in Figure 5A and B, 
where both the Cr and Ag films were totally ablated at the 
positions corresponding to the interference maxima. If 
a phase shift of π/2 occurs between beam pairs, the per-
fectly ordered hole-like geometry changes to an array of 

Figure 4: Scanning electron microscope images of treated (A) copper and steel (B and C) using ns-DLIP. In (A), a two-beam configuration 
was utilized, and the spatial period was 2.0 μm [15]. The hexagonal arrangement in (B) was produced with three laser beams (spatial period: 
8.9 μm), while in (C) also two beams were used, but the sample was rotated 90° between the irradiation steps (spatial period: 5.4 μm) [32].

Figure 5: Scanning electron microscope (A, B) and (C) optical microscope images of ps-DLIP-irradiated thin metallic films with four laser 
beams (100 nm thickness). (A) Cr and (B) Ag films patterned without phase shift between beam pairs. (C) Cr film patterned with a phase shift 
of π/2 between beam pairs [33].
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ablated diamond-like shapes (rhombus) as can be seen in 
Figure 5C.

Femtosecond DLIP: It is common knowledge that the 
shorter the pulses, the smaller the area over which the 
pulses overlap. For example, for a 30-fs pulse duration 
and a moderate angle such as 5°, the beams overlap only 
within a strip approximately 200 μm wide [34]. However, 
the overlap can be increased if cross diffraction orders 
of a grating are crossed using the simple imaging system 
such as when utilizing a diffractive optical element 
(DOE) [35].

In this setup, a femtosecond pulse is transmitted 
through a diffraction grating used as a beam splitter, 
which is then imaged with two confocal lenses, with the 
grating being placed in the front focal plane of the first 
lens. A spatial filter transmits only the desired number 
of laser beams. Then, the beams are recombined at the 
image plane.

Using this method, poly(3,4-ethylene dioxythiophene)-
poly(styrene sulfonate) (PEDOT–PSS) thin films were 
treated. A Ti:sapphire fs-laser system with a pulse duration 
of 95 fs and a center wavelength of 800 nm was utilized. 
Using two and four beam configurations, different peri-
odic arrays were fabricated (Figure 6). The spatial period 
in all cases was approximately 2.9 μm [36]. In addition to 
the periodic structures produced by the interference pat-
terns, also high-frequency arrays, which are orientated 
perpendicular to the electric field vector, were observed. 
This sub-wavelength structure was observed for low- and 
high-energy pulses with a typical size of approximately 
~200 nm and could be classified as high spatial frequency 
laser-induced periodic surface structures (LIPSS). Fur-
thermore, the size of the observed LIPSS does not depend 
on the period of the produced patterns as its size mainly 
depends on the nature of the interaction mechanism of 
the material with the laser light.

A very interesting characteristic of these multi-scale 
periodic patterns is its similarity with natural examples, 
such the lotus leaf with super hydrophobic properties. 
Hence, significantly enhanced surface properties can be 
obtained by combining a micrometer-scaled structure 
with nano- or sub-micrometer features [1, 37, 38].

5   Laser interference systems and 
optical modules

Within the last years, laser interferometric methods have 
not only shown to be capable of producing functionalized 
surfaces but also to fulfill an impressive technological 
development, bringing this technology to real indus-
trial applications. In the following, different processing 
systems and configurations are described.

Lloyd’s mirror interferometer: this equipment is com-
posed of a laser with a long coherent Gaussian beam, lens, 
pinhole and mirror (Figure 7A). The mirror is placed perpen-
dicular to the exposed substrate to create the second beam 
[26]. If the substrate and the mirror are placed on a rotating 
table, the period of the line-like pattern can be easily con-
trolled (the direction of rotation is indicated by the arrow 
in Figure 7A). The lens and the pinhole are placed into the 
beam path to create a diverging laser beam. The laser beam 
should be s-polarized as the reflected and direct beam must 
have their polarization vectors in the same direction to have 
optimal interference (high contrast) [26]. This concept is 
considered to be a one-beam interferometer as the mirror 
close to the substrate creates the second beam.

Because flat, large-area mirrors are extremely expen-
sive and difficult to handle, the area that is irradiated is 
typically limited to a few cm2. Besides, dust particles on 
the mirror can disturb the interference pattern, thus, 

Figure 6: Fabricated (A and B) line-like and (C) crater-like structures on PEDOT:PSS-coated glass substrate using two- and four-beam 
interference patterns, respectively. The orientation of the electric field E is denoted by the black arrow in each figure. Accumulated energy 
density: (A) 0.21 J/cm2; (B) 0.35 J/cm2; (C) 1.56 J/cm2. The inset in (B) shows the 2D Fourier Transform of the periodic structure with the two 
periodicities (2.87 μm and 211 nm) [36].
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introducing errors. This setup is not suitable for ultrashort 
pulse laser systems because the optical delay due to the 
path beam difference cannot be adjusted [39]. An example 
of a Lloyd’s mirror interferometer system is shown in 
Figure 7B.

Beam-splitter configuration-based systems: These 
devices require the use of at least one beam splitter to 
produce at least two sub-beams, which are later redirected 
to the surface of the material using mirrors. Here, the lon-
gitudinal coherence (narrow spectral width) is important 
because the distances from the beam splitter to the image 
plane can vary for the two beams [34, 40]. Phase errors can 
accumulate when both beams travel long separate paths 
and encounter different optics, vibrations, mirror imperfec-
tions, spurious scattering, and a variety of other deleterious 
effects [41]. Especially when using CW laser, the effects of 
both vibration and air turbulences can easily disturb the 
beams (e.g. for ion-argon lasers). In the last case, the expo-
sure time ranges from some seconds up to several minutes. 
Thus, a fringe-locking system is generally used to correct 
fringe movements, which are detected by a photodiode, 
which actuates a piezoelectrically driven optical element for 
stabilizing the phase of one of the beams (Figure 8A) [25].

If pulsed laser systems are used, this construction can 
be done avoiding the fringe-locking system. An example is 

depicted in Figure 8B [19]. This system can place the last 
four mirrors before interfering on a virtual circumference. 
The sample to be treated is placed perpendicular to this 
circumference. This configuration allows that a longitudi-
nal displacement of the sample and a rotation movement 
of each mirror will result in a variation of the angle of inci-
dence of the beams. However, after selecting a specific 
distance between the mirrors and the sample (and, thus, 
an intercepting angle), the beams have to be positioned at 
the same area manually.

If ultrashort pulsed laser systems are used, optical 
delay must be adjusted to superimpose the individual 
laser beams [39]. However, optical delay is automatically 
adjusted in the case of interference beam configurations 
that use transmission beam splitters and a demagnifica-
tion system or Schwarzschild optics with a coaxial align-
ment (see Femtosecond DLIP section) [39].

Compact DLIP optical heads and systems: Recently, 
several concepts of optics for DLIP have been devel-
oped. The first alternative to the beam-splitter setup 
was designed for the fabrication of patterns with a fixed 
geometry and spatial period. The optical modules consist 
of a combination of prisms to split the main laser beam 
followed by cylindrical lenses that permit to reshape the 
area where the individual sub-beams overlap to a very 

A

B

Figure 7: (A) Lloyd’s mirror interferometer principle showing the components required to produce the two beam interference pattern for an 
incident long coherent Gaussian beam (focusing lens, pinhole and mirror) and (B) system on a vibration-controlled table [26].
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stretched region (for example, ~15  mm long and 50 μm 
wide) [42]. This optical module has already achieved 
impressive fabrication speeds of 0.36 m2/min on steel and 
0.90 m2/min on polycarbonate (PC) substrates [42].

A second alternative (developed in 2012) is equipped 
with mobile components to control the intercepting angle 
between two laser beams automatically. In this case, the 
incident beam is divided by a diffractive optical element 
(DOE) into two or four coherent beams of comparable 
intensities, collimated with a prism or pyramid, and 
finally recombined using an aspheric lens [43]. Thus, 
these modules allow to overlap two, three, or four focused 
laser beams on the substrate where a circular pixel with 
a diameter varying from 25 μm to 300 μm containing the 
interference pattern is obtained. Within such a pixel, the 
interference pattern intensity is transferred into the mate-
rial surface, and by varying the pattern period, differ-
ent functionalities can be locally obtained (e.g. different 
optical colors under a specific observation angle) [2].

Using both above-described modules, compact DLIP 
systems have been recently developed (see Figure 9). 
These systems are not only capable of treating planar 

surfaces (Figure 9A) but also cylinders (or sleeves) up to 
600 mm in length and 300 mm in diameter (Figure 9B). 
The structured sleeves are later used in roll-to-roll 
embossing systems for high-speed treatment of polymer 
foils. Up to now, throughputs of 15  m2/min have been 
achieved with resolutions up to the submicrometer level, 
i.e. ~700 nm in Cu, Fe and Ti (the last using 35-ps pulses 
and a wavelength of 515 nm) [2, 43]. The use of the DLIP 
method as a tool for the treatment of embossing tools is 
of important relevance for high-throughput and large-
volume applications such as screens or thin film organic 
solar cells [44].

Up to now, there are efforts underway to pattern large-
area metal shims, which can be bent, or direct writing on 
photosensitive resists on cylinders. However, it is an advan-
tage if direct patterning can be employed without using 
coating and pattern transfer (etching) processes [45, 46].

A very important issue concerning the large-area DLIP 
is the lateral uniformity of the produced patterns. There-
fore, strategies for positioning of the interference pattern 
over the surface to be treated during the process must be 
considered. Figure 10 shows an example of a DLIP-treated 

Figure 9: DLIP systems for the treatment of (A) planar surfaces (DLIP-μFAB, Fraunhofer IWS) and (B) large-area sleeves and cylinder for roll-
to-roll UV and hot embossing (TU Dresden). (C) Treated Ni sleeve using ps-DLIP.

Figure 8: (A) Interference setup with a two-beam configuration with beam splitter using a piezoelectrically controlled mirror for phase stabi-
lization [33] and (B) four-beam direct laser interference system [19].
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Ti substrate with a line-like geometry and a spatial period 
of 7.1 μm. During the structuring process, the patterns 
have to be perfectly aligned with the movement direction. 
Furthermore, in the direction that is perpendicular to the 
line-like structure, the separation between the laser pulses 
must be an integer of the spatial period. In the example, 
the DLIP pixels, with a diameter of approximately 160 μm, 
were translated 42.6 μm (six times the spatial period) in 
the mentioned direction. Differently, the pulse-to-pulse 
distance in the direction parallel to the lines can be freely 
adjusted (in the example: 8.0 μm). Using this strategy, 
structures depth of several micrometers can be achieved 
(i.e. 11.5 μm for 5.2 μm period on stainless steel using 10 
ps lasers [47]).

6   Applications of laser interference 
methods

Both LIL and DLIP methods have been used in the past for 
a large number of applications.

For example, LIL was used in the fabrication of 2D 
photonic crystals slabs (PCSs), which are one of the 
most promising artificial platforms for optical applica-
tions such as microcavities, lasers, photodetectors, solar 
cells, sensors, and reconfigurable photonics [48, 49]. 
Furthermore, LIL has been also used to produce a large-
area anti-reflective coating over Si surfaces for specific 
ranges of wavelengths [50] as well as an intermediate step 
to produce plasmonic devices as plasmonic color filters, 
which are widely used in organic light-emitting diodes 
(OLEDs), liquid crystal displays (LCDs), and CMOS image 
sensors [51, 52].

Another interesting application of LIL is for the pro-
duction of Si nanowires, which have been implemented 

in field effect transistors, chemical sensors and solar 
cells [53]. This was possible by combining LIL with metal-
assisted etching process.

In the case of DLIP, enhanced tribological perfor-
mances of surfaces could be proven by producing topog-
raphies, which were capable of trapping wear debris and 
reducing the contact area under dry conditions [54]. Fur-
thermore, DLIP also permitted to prolong the lubrication 
by a factor of 130 compared with a polished unpatterned 
steel surface under mixed lubrication [55].

Another application where DLIP has shown high 
potential is in the functionalization of electrical connec-
tors. By introducing a periodic array in a Sn surface (spatial 
period ~10 μm), the local contact pressure between the 
metallic parts could be increased, thus, facilitating the 
plastic flow of the soft tin layer [56]. As a consequence, the 
native insulating oxide layer can be removed with a 20% 
lesser mean surface pressure, leading to a decrease in the 
electrical contact resistance (ECR) by up to 81% under sta-
tionary conditions.

In biology, due to the unique range of micro- and nano-
pattern periodicities accessible by DLIP, very specific, on-
scale interactions of surface structures and biological cells 
could be induced. For example, the DLIP technology has 
demonstrated to be capable of substituting cost-intensive 
treatment methods (sand blasting, cleaning, and etching) 
in the preparation of dental implant surfaces [57]. Also, 
DLIP has been used to produce surfaces showing a signifi-
cant reduction of bacteria attachment [58].

7   Conclusions
It was shown that laser-based interferometric methods are 
promising technologies to fabricate defect-free periodic 

Figure 10: DLIP-treated Ti substrate using pulsed ns-laser systems. The spatial period was 7.1 μm. In (A), a large area is shown, demonstrat-
ing a high homogeneity of the pattern over the treated area (note that the DLIP pixel has a diameter of approximately 160 μm). In (B), a detail 
of the produce surface topography is shown. The observed cracks are typical in Ti when using ns pulses.
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surface patterns with micrometer and submicrometer 
resolution on a large variety of materials. The geometry 
and size of the patterns can be controlled by varying the 
number of interfering beams and the intensity polariza-
tion and phase of each sub-beam. In the case of inter-
ference lithography, the versatility of this technique has 
been demonstrated in both positive and negative photore-
sists as well as in hydrogel materials. In the case of direct 
laser interference patterning, direct fabrication of periodic 
arrays was shown using nanosecond, picosecond, and 
femtosecond laser pulses.

Also, different processing systems and configurations 
using the interference principle have been described, 
demonstrating the possibility for the fast and precise tai-
loring of material surface microstructures and topogra-
phies on industrial relevant scales as well as to produce 
tools for roll-to-roll imprint processes, which will permit, 
in the future, a significant reduction of costs of these tools 
and, thus, of the fabricated products.

Because of the extreme flexibility of interferometric 
methods in terms of geometries that can be produced, 
sizes, as well as the large number of materials that can be 
treated, a large number of applications are possible. These 
methods have not been only used to improve electronic 
devices, such as photonic crystals slabs or plasmonic 
devices, but also on very different application fields such 
as for the automobile industry by reducing friction or in 
biology by improving the attachment of cells in implants 
or reducing the lifetime of bacteria.
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