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A B S T R A C T   

Laser interference patterning or lithography has been used in variety of the applications using, patterning, 
masking and processing structures at top of material. It offers fast processing over as large areas can be processed 
simultaneously. Additionally, fine patterns are possible to achieve both in micro and sub-micro scale. In this 
manuscript is presented novel concept to combine interference patterning and high-pressure processing envi-
ronment. With aid of high-pressure system, it is possible to control processing environment and add co-solvents 
in desired state (liquid, gas, supercritical) and use developed system as controlled reactive environment in the 
future studies. Two systems were developed and assembled for testing and proofing the concept. The results of 
the two 4-beam interference systems (lens- and mirror-based) are presented and compared.   

1. Introduction 

Laser interference patterning/lithography has been used in different 
type of low vacuum and ambient environment in multiple application. 
Different type of interference applications have been developed such as 
direct laser interference patterning(DLIP) [1–3], Laser interference 
lithography for synthesis of silicon nanostructures[4], patterning and 
nanoprocessing of humidity sensing devices[5], growth of InAs quantum 
dot molecules [6] , Maskless patterning for deep reactive ion etching 
process [7], processing different type of structures with laser interfer-
ence lithography(LIL) [8,9], and making superhydrophobic surfaces 
[10,11]. 

Laser interference lithography has several benefits and it is a versa-
tile processing method for example it produces fine patterning, and use 
of interference pattern allows manipulating large areas fast. This was 
one of the reason mentioned by Rodriquez et al. [12] as their study’s 
background. They introduced a 4-beam system for testing interference 
patterning for industry cases. Interference pattern has been used for 
heating target surface, in order to produce quantum dots [13]. 

In comparison to the traditional laser processing, in shorter period of 
time, it is possible to process large areas that are in ideal case almost 
same as beam covered area. Interference pattern may occur within the 

area where all the beams overlap. This means that in some cases large 
areas with “ordered structures” can be processed with a single pulse. 
Another important factor is that the pattern dimension can be from 
several micrometers down to hundred nanometers or below. The size is 
mainly dependent on the wavelength and incident angle of the beam. 
The structure shape may also be changed by using 2,3,4 or more beams, 
by changing the azimuth angle, as well as by changing the polarization 
of beams. This highlights the versatility of using an interference system. 
The different type of patterns from 2-beam to 5-beam interference is 
presented in study by Deng et al. [14]. In their study is shown simula-
tions of the different beam number basic configuration given patterns 
from line pattern of 2-beam interference to different spot structures 
depending the parameters and number of beams. In this study 4-beam 
interference patterning was chosen, as it produces desirable periodic 
dot pattern. 

However, no studies on laser interference patterning in pressurized 
conditions have been reported to the best of our knowledge. Pressurized 
environment offers use of environment as reactive component, by con-
trolling composition, pressure and temperature. Pressurized environ-
ment was previously used to produce TiO nanoparticles. In their study ns 
laser and standard scanner was used for processing without interference 
[15,16]. 
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The aim of this research was to design and develop a laser system 
that can be used to get desired material reactions or modify material 
surface structure on targets in high-pressure high-density fluids. Surface 
was modified in order to have a functional property associated with the 
pattern and phases formed by interaction of target material and sur-
rounding environment, in presence of short pulsed laser irradiation. For 
this purpose, to this system design involved use of high-pressure envi-
ronment and possible co-solvents. The dissolution of the co-solvents can 
be increased by using high density fluids, such as supercritical fluids due 
to ease of solvent power of supercritical fluid by simply changing its 
temperature and pressure [17]. This is implemented with a chamber 
where temperature and pressure can be controlled. By changing the 
conditions, the chamber atmosphere and state of the ambient fluid can 
be changed between liquid, gas and supercritical. This address chal-
lenges for the system, as the optical properties inside the chamber can 
change drastically, and on the other hand the chamber wall and window 
ports are thick due to the high pressure. The beam propagation is 
affected by to the large thickness of window and beam has to travel 
inside chamber to the target. It is also possible to add mixtures of other 
gasses and additives to the system. From material perspective this en-
ables condition where sample can react with the chamber atmosphere 
upon laser irradiation instantly. Alternatively, changes are made to the 
material surface by laser processing. Both heating or ablation is used 
during laser treatment to enhance material properties and form material 
layers to top of base material. Material surface can be patterned e.g. to 
modify contact angle or surface microstructure or form oxides or other 
material compounds on surface. The requirement for the system was to 
achieve short processing time and produce accurately fine pattern. For 
this reason, the laser interference system was chosen. However, this 
paper focuses more on the system design of the built system rather than 
presenting results on the phase changes to the target material. 

This study illustrates a novel system for laser interference patterning 
in pressurized condition. System enables processing samples placed in-
side processing chamber. Interference patterning allows processing 
large area quickly and accurately. There are two system concepts for the; 
lens-based and mirror-based laser interference lithography (LIL) 

designs. These systems are designed, assembled and evaluated for their 
suitability to the patterning in pressurized conditions. The working 
principle for both lens-based and mirror-based concepts remains same, 
but implementation requires different solution for satisfactory result. 
The optical paths and the way beam behave from laser output to the 
sample surface makes the lens and mirror systems different Both lens 
and mirror systems were compared in optically dense environment. 

2. Material and methods 

System components are the laser, optical setup, and chamber. he 
specifics of the laser and the chamber will be elucidated in paragraph 1.2 
and the optical systems developed in chapter 2. The main components of 
the pressure chamber are the processing chamber and the tailor-made 
sapphire windows. 

2.1. High pressure chamber and viewport 

The chamber presents requirements for the system performance. Due 
to the high pressure the view ports that allow beams entering inside 
chamber are thick and their material has to be suitable for high pressure. 
The transmission and refractive index of viewport windows has to be 
taken into account, and the actions made while designing the system is 
presented and discussed in the results and discussion chapter. 

The chamber used in the tests is shown in the Fig. 1a, and schematic 
of the main components and functionality is illustrated in the Fig. 1b. 
Chamber has two viewports with 10 mm thick sapphire windows. Only 
one viewport was used for processing, as all the beams were guided 
through the same port. Hence size of the window is important and the 
diameter of the port is 30 mm. Chamber volume used in this study is 
relatively small compared to the processing chamber typically used for 
CO2 processing, as the volume of the chamber is 28 cm3. In this case the 
small size is advantage as conditions are quick to change and time 
needed to stabilize condition inside the chamber is shorter than with the 
large volume processing chamber. Additionally, small volume can be 
filled and cooled in short time, which suits well for testing different 
conditions. Maximum pressure for the chamber is limited to the 300 bar, 
and it has possibility to add co-solvents from the inlet. The temperature 
is monitored with the thermocouple mounted on the chamber wall along 
with the heating elements. Chamber fluids are preheated to desired 
temperature before pumping it to the system for better control. 

The chamber is mounted on top of its micrometer manipulator that 
enables moving the chamber (and therefore, indirectly moving the 
sample inside chamber) without having to open chamber. In this manner 

Fig. 1. a) Pressure chamber with AR coated windows, b) Chamber structure and the main components; sapphire window, inlet and outlet and sample.  

Table 1 
Laser specs.  

Pulse 
energy 
@ 1064 
nm 

Pulse 
energy 
@ 532 
nm 

Pulse 
energy 
@ 355 
nm 

Pulse 
duration 

Frequency M2 Energy 
stability, 
RMS 

300 mJ 200 100 8–9 ns 10 Hz 1.33 0,6%  
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multiple exposures can be implemented without opening the chamber. 

2.2. Laser 

An essential part of the interference system is a laser source that 
meets the requirements. A ns pulsed laser was used, see Table 1 for all 
details. The main requirements for the laser was specified as the long 
coherence length and the low wave-front distortion. The other specs for 
the laser design were pulse energies of 300 mJ / 200 mJ / 100 mJ at 
1064 nm / 532 nm / 355 nm respectively, 3–10 ns pulse duration, and 
flat-top intensity distribution. The intensity distribution was chosen as 
flat-top intensity in order improve homogeneity of the pattern. 

In order to fulfill these requirements a Nd:YAG laser with a variable 
reflectivity mirror in the resonator was developed by InnoLas Laser 
GmbH. Moreover, to address the concerns over the shape, intensity 
distribution and stability of the laser beam profile, a different approach 
was tested. Uniform intensity distribution was achieved with relay im-
aging beam through a vacuum tube with a pinhole inside. Relay imaging 
through the pinhole filters out the high spatial frequencies and gives 
uniform intensity distribution. The resonator was injection seeded for a 
small spectral bandwidth and therefore a long coherence length can be 
achieved. Lithium triborate (LBO) crystals have been used to generate 
the 2nd and 3rd harmonics. An amplifier stage was utilized to reach 
desired pulse energy values. Good beam quality was achieved by using 
unstable resonator setup with a variable reflectivity mirror. 

2.3. Materials processed 

Multiple materials were used in the processing test. The materials 
were different as the same samples were used for also other purposes 
rather than illustrating the pattern itself. Size of the pattern and dot 
pattern are not directly comparable, as mirror LIL produces finer 
pattern. 

Materials used in test are zinc sputtered on glass, thin film coating on 
aluminum and titanium. 

3. Constructing the interference system 

In LIL system the pattern shape and size are dependent of the number 
of beams, azimuth angle, incident angle, polarization and wavelength of 
the laser. To achieve good patterning, the wavefront of the interfering 
beams must be coherent and beams must be in phase, hence first the 
beam is divided into multiple beams from single laser source. Interfer-
ence area is directly proportional to the diameter of the beam, and top 
hat intensity profile improve intensity homogeneity at interference area. 
A 5.7 mm diameter beam was used. 

The intensity ratio of the interfering beams affect on the interference 
pattern shape, especially to the shape of individual “dot” in the pattern. 
In this study the intensity of all beams were kept same. When one or 
more of the beams have weaker intensity than the others, the interfer-
ence pattern begins to distort. This was studied and discussed in more 
detail in nano processing book chapter by Changsi Peng [18]. Their 
simulations show that small intensity changes do not lead instantly in 
large distortions in pattern, as they simulated with 10% and 1% in-
tensities to the maximum intensity of other beams. 

LIL implementation can be divided roughly into following compo-
nents, the laser source, beam splitting, and beam manipulation 
components. 

3.1. Beam splitting and beam guiding 

Typically, the laser beam can be divided with beam splitters 
[2,3,6,8–12], Floyd mirror [8,19] or diffractive optical elements (DOE). 
Floyd configuration is a good and easy solution for two beam configu-
rations, generating lines [8,19]. However Lu et al. [8] pointed out that 
the this method requires long transverse coherence laser and use of small 

or large incident angles produce small exposed area. Multiple beams are 
commonly implemented with the DOE, gratings or beam splitters. DOE 
beam splitter offer possibility to split beams in lines in 1D and as well in 
2D. DOE suit especially for splitting beam into over four beams, as they 
offer usually quite uniform intensity distribution. Similar distribution 
could be hard to implement with beam splitting cubes, as generally 
splitters are offered only in fixed splitting ratio and physically take 
larger space. Single DOE component can be achieved even thousands of 
beams/dots in matrix formation. Drawback of DOE is that the total ef-
ficiency is reduced more than with the system compared to the imple-
mentation with containing only few beam slitters. 

For easier comparison and to have similar performance both con-
cepts were built with the DOE beam splitter. In our case the DOE suits 
best for both systems, as splitting can be implemented with single 
component and incident angles with the tested system are small. Small 
incident angles mean that components may be close to another and 
system size could be minimized. In compact system the path length from 
laser output to sample surface can be reduced even further. 

Chosen beam splitter is a 2-dimension beam splitter which splits 
beam into four beams. The projection angle is chosen during the 
designing the element, and in this case 4◦ angle DOE from Holo/Or, 
(Ness Ziona, Israel) was acquired. A fused silica substrate was used to get 
the damage threshold higher than the maximum pulse energy of the 
laser. 

After desired amount of the beams have been split, they are guided or 

Fig. 2. Lens LIL concept. How beam travel through the system, oper-
ating principle. 

Fig. 3. Lens LIL assembly on the optical table.  
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steered into single point where all the beams meet, generating an 
interference pattern. Two optically different LIL systems were designed 
that produce 4-beam interference pattern. These systems are described 
in chapter 3.2 and 3.3. The parameters for the built systems for the 
pattern period are the wavelength (all test in this study are made with 
1064 nm) and the incident angle. The azimuth angles are constant (0◦, 
180◦, 90◦ and 270◦). 

3.2. Lens LIL 

First LIL concept is based on lenses. Lenses are placed on the optical 
axis guiding and focusing them into sample surface. The principle of the 
operation is described in the Fig. 2. When beams hit to the sample sur-
face 4-beam interference pattern occurs. First the laser beam is divided 
into 4-beams with the beam splitter, which works well for this appli-
cation as beams shape and energy distribution remains satisfactory; 
pattern is symmetrical and all four beams intensity are <2% tolerance to 
the other beams. Hence changes to the intensity ratio has minor effect to 
the interference pattern shape. The function of the first lens is to 
”collimate” beam and the second lens focuses the beams on the inter-
ference plane. Focusing lens guides beam through the sapphire window, 
which affects the beam along with the medium inside the chamber, in 
accordance with the Snell’s law. Both sapphire window and high- 
pressure atmosphere are optically denser than the ambient air. 

Fig. 3 shows the assembled lens LIL module on top of optical table. 
The optical components are placed on the cage system, containing few 
manipulators for beam alignment. The lenses used are aspherical lenses 
with additional polishing to minimize wavefront aberration. The optical 
assembly was mounted on the same optical table as the laser. The setup 
is shown in the Fig. 3, where the LIL setup is placed next to the laser 
aperture. 

Only small number of the components is needed and all the optical 
components are in the same optical axis.. The holders for the optical 
components are often bulky due to the need for increased stability and 
the ability to adjust the position/orientation of the optical component. 
In this concept, beams do not have to be steered away to evade optical 
component bodies. The size of system is small, as beams travel near each 
other. This simplifies the design and makes alignment of the system 
easy. However, with small number of optical components, the quality of 
the lenses and their shape may generate problems as they dictate 
directly how well the beam maintains its shape and how beam propa-
gates along optical axis. The total length of the system can be smaller 
than with the mirror-based system, as there are less components in se-
ries. The length of the system is dictated by the DOE projection angle and 
the focal length of the lenses. The main advantage of this concept is the 
size and simple design of the system. 

The disadvantage of the lens-LIL design is that performance of the 
system is as good as the lens quality. Distortions and lens aberrations 
have effect on the performance and may result inadequate pattern by 
distorting the wavefront. It is also challenging to adjust or manipulate 
beam relative to the other beams. 

3.3. Mirror LIL 

The second concept relies on the use of mirrors for guiding the beam. 
Developed mirror LIL design consist of eight mirrors and the beam 
splitting DOE. The number of mirrors needed are two times the number 
of the beams, which means in this case two sets of four mirror beam 
steering component assembly, see Fig. 4 for the schematic of the system 
and beam propagation. Isometric view of the system can be seen in the 
Fig. 5, which also illustrate the mirror sets in 3D. The function of the first 
mirror is to steer the beams away from the optical axis so they advance 
in perpendicular plane to the optical axis. Second mirror in each beam 
path are on this plane and it is used to define incident angle. These 
mirrors are gimbal mounted and incident angle can be adjusted freely 
from 0 to 50◦. This allows manipulating beam paths individually and 
adding polarizing or attenuating beam components. The mounts for 
manipulating components are located between 1st and 2nd mirror. The 
optical path for all four beam paths is identical but rotated around to the 
center axis. The azimuth angles are same as with the lens LIL. Identical 
optical paths are beneficial as the differences in the path lengths increase 
coherence length requirement for the laser. 

The mirror-based system is more versatile and finer pattern can be 
achieved, as larger incident angle can be achieved. This system is more 
time consuming to align and the error in individual beam paths is harder 
to detect, as source of distortion in interference pattern is sum of all 
errors. The common error with four beam interference is presence of 
fringe over the intensity pattern, which modulate the intensity of the 
pattern. This is discussed more detail in the results chapter. However, 
after careful alignment the system suits well for laser processing, as 
beam properties can be altered easier and more accurately than with the 
lens LIL. The footprint of the system is also larger compared to lens LIL. 

3.4. Installation and test setup 

The test setups were installed on top of optical tables. The configu-
rations can be seen in the Fig. 6, the lens LIL configuration is on the left 
side (Fig. 6a) and the mirror LIL on the right-side (Fig. 6b). Due to the 
large size of the laser, the sensitivity of the interference system to vi-
bration, nature of the pressure vessel operation and that the pressure 
chamber has rigid piping, the components are located on separate 
platforms. The piping restricts movement of the high-pressure vessel to a 
certain distance from the pressure pumps. It is vital to minimize effect of 
the vibration during processing, hence isolating the chamber from the 
optical setup was necessary. By isolating possible vibration from the 
pressure pump and other vibrating components, there was minimal in-
fluence to the optical system or laser. Vibrations to either of those 
components might result in poor quality. The effect might not be 
important for single pulse operation, but for synthesizing fine patterns 
with multiple pulses either the sample or the pattern position might be 
influenced enough that instead of good and clear dot pattern, over-
lapping pattern is formed and eventually the multiple pulses create 
random, overlapping pattern which resembles melted surface. 

The total length from the laser output to sample surface should be 

Fig. 4. Mirror LIL operation and beam propagation.  
Fig. 5. Isometric view of the mirror LIL system.  
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minimized or laser source should have extremely narrow bandwidth for 
good coherence. In this case laser had good coherence and even 3–4 m 
long paths would have been still feasible. However, this long path was 
not tested. For the lens LIL was tested with path length about 80 cm and 
mirror lil with 1,8 m. 

Both systems can be used with external attenuator and pulse picker 
module. Pulse picker was designed to be suitable for high pulse energy. 
It has rotating disc with absorbing material in front of it. The disc has 
holes that are synched to the laser resonator signal that beam output and 
hole are in line same moment, and single pulse is released. This type of 
operation is possible only with low pulse repetition rate, but it can be 
used with very high energy pulses. This device location in the setup is 
illustrated on the on the Fig. 6. Pulse picker position is same for both 
setups. External attenuator can also be used. Attenuator consist of 
rotating waveplate and polarizer, where transmitting power is relative 
to the rotation of the waveplate. Transmitted beam is p-polarized while 
the s-polarized beam is steered to the beam dump. 

4. Results and discussion 

Viewport is essential for the operation of the system, hence modifi-
cations to the standard view port window was made. The view ports are 
made of sapphire, with thickness of 10 mm. Thickness and optical 
properties make windows an important part of the system both optically 
and for safe operation in high pressure. To minimize the effect of the 

reflected light the windows have been coated with antireflective 
coating. For the coating multiple layers of ion beam sputtered tantalum 
pentoxide and silicon dioxide were used. Without the coating, the 
transmission is only about 86% (Fig. 7a). The remaining part of the 
beam is reflected from the front surface. The transmission is almost flat 
from UV to NIR wavelengths measured. 

In this case, the coating was implemented for three wavelengths of 
the laser with slight tweak for the analyzing purposes. Optical coating 
forms narrow bandpasses for fundamental wavelength and its 2nd and 
3rd harmonics. The AR coating for green wavelength (532 nm) was 
stretched a bit to get higher transmission for HeNe laser wavelength 
(632.8 nm) for analyzing purposes. The coating is best in the funda-
mental wavelength and measured value is >99.5% of light is trans-
mitted. Measurement is plotted in the Fig. 7b from 320 nm to 1100 nm. 
For green and UV wavelengths the transmittance is correspondingly 
>97% and >96%. Without antireflective coating the transmission is 
considerably lower (see Fig. 7a, hence the AR coating is essential to the 
performance. The reduction in beam intensity is the main reason for the 
treating the sapphire windows with AR coating. The surface reflected 
light is drawback, but more harmful phenomenon might be the internal 
reflections within the window, which is the second reason for AR 
coating. Internal reflections and the input beam may produce undesir-
able phenomena and affect the beam propagation. The third aim for the 
AR coating is to minimize unwanted spectrum of light from entering the 
chamber. Only the processing laser beam wavelength is desired to enter 

Fig. 6. Test systems. Left (a) is the Lens LIL and the right side (b) the mirror LIL.  

Fig. 7. Sapphire view port transmission and reflection. a) uncoated window, b)AR coated window.  
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chamber, and be part of interference. 
Laser beam shape and the wave front changes affect the interference. 

Hence laser manufacturer made analyses for the beam propagation, so 
the maximum path length for the system can be estimated. In general, 
the short as possible path length is desired, so the beam properties are 
good as possible. The laser beam profile at different distances is illus-
trated in the Fig. 8. The beam output shape changes a bit over the dis-
tance from laser resonator. The laser output has good roundness and 
tophat energy distribution. The good beam quality (low M2) means that 
the laser is nearly single mode. The measured value for M2 is 1.33. Hence 
laser wavefront stays stable and doesn’t distort. Laser operates at narrow 
bandwidth, which leads to the long coherence length and enables use of 
long distance for the path length of the interference system. All these 
aspects (uniform intensity distribution, good beam quality, and high 
coherence beam) assure that this laser suits well for the interference 
processing. 

Both LIL systems were tested with optical system and/or actual 
processing tests with the chamber and without it. First, optical tests were 
implemented in normal atmosphere at NTP, so the effect of the chamber 
windows and high pressure is not visible in Fig. 9. These pretests were 
implemented to evaluate operation in standard conditions, and evaluate 
system operation before proceeding to actual tests. 

First test with the lens LIL were made with low power continuous 
wave laser. Single mode laser was linearly polarized and wavelength 

was 1060 nm. It was tested with the camera sensor system built for this 
purpose and with beam analyzer camera. Camera sensor was placed on 
the observed position and lens LIL was used to create interference 
pattern at the observed plane. Beam Analyzer sensor has relatively low 
resolution, so accurate information was not expected. 

In the Fig. 9a is shown the image taken with the beam analyzer and 
long focal length lens. Long focal length was used to enlarge pattern and 
fit pattern better to the analyzer resolution. From the figure can be 
observed slight indication of the laser input intensity distribution and 
the pattern shape changes, as gaussian beam leads to the non- 
homogenous interference pattern. The higher resolution camera 
(without beam intensity evaluation) shows the size and shape of the 
interference pattern (see Fig. 9b) better than the beam analyzer. The size 
of the pattern is about 8.4 µm, and pattern shape seems promising. More 
accurate analysis was not possible as some of the shown changes may be 
camera sensor artifacts, but the basic characteristics were evaluated and 
the functionality of the optical setup looks promising based on the 
pretest results. 

4.1. Tests in the air with lens and mirror LIL systems 

The lens and mirror systems were tested next in air with the high- 
power ns laser presented earlier in this chapter. In the Fig. 10a and 
10b is shown the micrographs for the tests made without the chamber. In 

Fig. 8. Laser beam profile versus distance.  

Fig. 9. Lens LIL measurement with long focal length lens (a), actual LIL optics, camera test (b).  

Fig. 10. ns laser LIL test samples in air, no chamber – Lens LIL system material surface micrographs of Zn sputtered layer on glass (a), Mirror LIL processing on thin 
film on the top of aluminum, (b). The Zn sputtered layer (a) was processed with single pulse and the pulse power was 76 mJ. 

T. Kumpulainen et al.                                                                                                                                                                                                                          



Optics and Laser Technology 142 (2021) 107278

7

the Fig. 10a (lens LIL) and 10b (mirror LIL) can be seen the difference 
between system produced pattern dimensions. Lens LIL produced 
pattern of about 15.3 µm, as the mirror LIL measured value is 3.7 µm. 
This is the one major difference between the two optical systems. 

Lens configuration with top hat distribution beam produces large 
pattern, which is additionally larger what was measured during the 
camera tests. The main reason for this is half shorter focal length of the 
focusing lens. The optical quality of the actual test used lens is better. 
The mirror LIL pattern can be reduced even further by increasing inci-
dent angle. The both systems produced patterns are relatively even. 
With multiple pulses there was observed horizontal distortion in the 
shape. This was especially observed with the lens LIL system, where 
multiple spots could be identified from the sample surface when 
analyzing them under the microscope. Another aspect that was noted 
with the lens LIL was the slight elongation of the dots over the pattern 
with multiple pulses. The elliptical distortion can be seen from the 
Fig. 11a. Accurate number of pulses is not known as the pulse picker was 
not used, and the estimated number of pulses is 2–3 pulses. 

Another undesirable phenomenon with lens configuration was the 
lateral dot elongation with the multiple pulse exposure. The main dif-
ference was that with multiple pulses, there occurs sometimes elliptical 
holes or pits in the sample surface. The most obvious reason for this is 
that the pattern shifts lateral (image of the elongated dot is shown in the 
Fig. 11b) a bit and several pulses hit sideways next to previous ones. 

The total diameter of the interference area for the lens LIL was about 
3.5–5 mm depending the beam power. Mirror LIL the pattern overall 
area was 3–4 mm equivalently and the pattern outer area was observed 
more fluctuation to the desired dot pattern. With both systems the area is 
smaller than the 5.7 mm beam diameter of the laser. Total area is larger 
than what would have been achieved with gaussian beam due to its 
intensity distribution. 

4.2. Pressurized condition made tests 

Similar pattern was made at the pressurized conditions and these 
patterns are shown in the Fig. 12. The pattern is similar what was ach-
ieved in the air (see Fig. 10), both quality and the dimensions of the 
pattern. There was observed slight reduction in the beam intensity and 
on the edges was observed changes to the pattern, which can be assumed 
to be effect of the changes in the atmosphere. The total size patterned 
area was bit smaller than in the previous NPT conditions made tests, and 
bit more variation between sequentially made exposure was observed. 

In the Fig. 12 can be seen one of the micrographs taken from the CO2 
made patterns for both LIL system. The size of the pattern of mirror LIL is 
smaller than with the lens-based system, mostly due to that the effective 
incident angle is larger. In this case measured value for the patterns was 
about 3.9 µm(mirror) and 15.5 µm(lens). It is almost as same what was 
achieved in test made in the ambient condition outside chamber, see 
Fig. 10 at the previous chapter. Intensity modulation was observed with 
mirror LIL configuration, but not with the lens LIL. This phenomenon 
was minimized by realigning the mirrors. Compared to the lens system 
this is the biggest drawback. However, finer patterns can be produced by 
using higher incident angle. The non-gaussian beam and the mirror 
system remains the better option in our study, as the “depth of focus” is 
deeper, and total beam area was observed to be a bit larger. With lens LIL 
the exposed area is considered to be a bit smaller because the beams are 
“focused” into the processing plane. The non-gaussian beam enables 
more homogenous intensity distribution over the exposed area. 

Processing in the liquid was also tested and micrograph is shown on 
the Appendix A. 

The mirror LIL results are similar to the lens LIL with the distinction 
in case of the pattern size and the errors in the pattern. The most evident 
and critical difference was the alignment error caused “moire” fringe 
that modulates the individual spot intensity. This effect can be seen in 

Fig. 11. Lens LIL processing on the thin film sample in air, no chamber. 2–3 pulses with energy of 50 mJ (a). (b) multiple pulses on titanium sample (50 mJ).  

Fig. 12. a) Lens LIL patterning in the pressure chamber with CO2. Titanium sample 123 mJ, b) Mirror LIL test made in CO2. Titanium sample 90 mJ. Both samples 
were processed at 100 Bar, 35C. 
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the Fig. 13, where the shape of the pattern varies periodically. The in-
tensity modulation was observed both in air and in the pressurized 
conditions. It changes the pattern shape sinusoidal, so processed pattern 
is not homogenous. The period remains same with the non-fringe and 
high fringe areas. It is quite challenging to get rid of the effect 
completely. 

The Moire effect as shown in Fig. 13 indicates the possible 
misalignment among the four beams. Four beams interference with the 

same incident angles will produce the pattern of a square array as given 
in the simulation in Fig. 14 (a). With one beam the incident angle larger 
or smaller than that of the others, intensity modulation effect will occur, 
as shown in the Fig. 14 (b). When the incident angles of two adjacent 
beams are different from the other two, the direction of the “Moire” 
fringe is influenced by the two beams, as shown in Fig. 14(c–d). 

In Fig. 14, the pattern period is approximately 4 μm, and the mod-
ulation periods along the x- and y-directions are approximately 124.45 
μm and 293.03 μm, respectively. Accordingly, we can calculate the 
incident angles of the four beams, such as 10.84◦, 10.84◦, 10.84◦ ±

0.50◦, 10.84◦ ± 0.20◦[20] . There is clearly misalignment between the 
last two adjacent beams and the first two beams. This indicates that 
intensity modulation occurs. 

Tests made confirms that the pattern is relatively good with both 
setups, however the intensity modulation effect was not eliminated 
completely with the mirror LIL. Despite this mirror LIL suits better to the 
processing as it can be modified more easily, the angle changed freely 
and the higher incident angle can be used. 

5. Conclusions 

Two interference systems were developed, assembled and tested in 
the high-pressure environment. Combining high accuracy patterning 
method and high-pressure was demonstrated for the first time to the best 
of our knowledge. This makes possible to achieve interference 
patterning in novel processing environment such as liquid (The figure 
can be seen in the Appendix A), pressurized gas and supercritical state. 
This kind of environment was stated as challenging for interference 

Fig. 13. Intensity modulation fringes, peaks and valleys are clearly visible.  

Fig. 14. Simulation results of four-beam interference with different incident angles in Z = 0 plane. (a) 10.84◦ − 10.84◦ − 10.84◦ − 10.84◦; (b) 10.84◦ − 10.84◦

− 10.84◦ − 10.34◦; (c) 10.84◦ − 10.84◦ − 10.34◦ − 10.64◦; (d) 10.84◦ − 10.84◦ − 10.34◦ − 10.34◦. 
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patterning, but the initial tests confirmed that it is possible and the re-
sults are promising for both mirror-based and lens-based LIL systems. 
Both systems have their pro and cons. Lens system is a compact solution, 
that suit well for this application, but lacks flexibility of the mirror 
system and has limitation regarding maximum incident angle. Mirror 
interference system on the other hand offers use of high incident angle 
and therefore finer patterns were achieved. However, the beam align-
ment is more challenging and time consuming, as is presented from 
microscopy results and simulations. Hence, it is more sensitive to in-
tensity modulation. The future work will concentrate more to the ma-
terial science of the changes to the phase and structure of the target 
surface along with the system development and tuning the incident 
angles. Future development will also include using shorter wavelengths 
in order to make pattern smaller than what was presented in this study. 
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[9] N. Pérez, T. Tavera, A. Rodríguez, M. Ellman, I. Ayerdi, S.M. Olaizola, Fabrication 
of sub-micrometric metallic hollow-core structures by laser interference 
lithography, Appl. Surf. Sci. 258 (23) (2012) 9370–9373, https://doi.org/10.1016/ 
j.apsusc.2012.03.185. 

[10] W. Li, et al., Superhydrophobic dual micro- and nanostructures fabricated by direct 
laser interference lithography, Opt. Eng. 53 (3) (2014), 034109, https://doi.org/ 
10.1117/1.oe.53.3.034109. 

[11] D. Wang, et al., Both antireflection and superhydrophobicity structures achieved 
by direct laser interference nanomanufacturing, J. Appl. Phys. 115 (23) (2014), 
https://doi.org/10.1063/1.4883763. 

[12] A. Rodriguez, et al., Laser interference lithography for nanoscale structuring of 
materials: From laboratory to industry, Microelectron. Eng. 86 (4–6) (2009) 
937–940, https://doi.org/10.1016/j.mee.2008.12.043. 

[13] C.M. Clegg, H. Yang, Guided assembly of quantum dots through selective laser 
heating, Sol. Energy Mater. Sol. Cells 108 (2013) 252–255, https://doi.org/ 
10.1016/j.solmat.2012.09.011. 

[14] X. Deng et al., Five-beam interference pattern model for laser interference 
lithography, in: 2010 IEEE Int. Conf. Inf. Autom. ICIA 2010, no. Cd, pp. 
1208–1213, 2010, doi: 10.1109/ICINFA.2010.5512128. 

[15] A. Singh, et al., Carbon coated TiO2 nanoparticles prepared by pulsed laser ablation 
in liquid, gaseous and supercritical CO2, Nanotechnology 31 (8) (2020), https:// 
doi.org/10.1088/1361-6528/ab53ba. 

[16] A. Singh, T. Salminen, M. Honkanen, J. Vihinen, L. Hyvärinen, E. Levänen, 
Multiphase Tix Oy nanoparticles by pulsed laser ablation of titanium in 
supercritical CO2, Appl. Surf. Sci. 476 (2018) (2019) 822–827, https://doi.org/ 
10.1016/j.apsusc.2019.01.172. August. 

[17] W. Leitner, Designed to dissolve, Nature 405 (6783) (May 2000) 129–130, https:// 
doi.org/10.1038/35012181. 

[18] Q. Liu, X. Duan, C. Peng, Novel Optic. Technol. Nanofabricat. (2014). 
[19] S. Kuiper, H. Van Wolferen, C. Van Rijn, W. Nijdam, G. Krijnen, M. Elwenspoek, 

Fabrication of microsieves with sub-micron pore size by laser interference 
lithography, J. Micromechanics Microeng. 11 (1) (2001) 33–37, https://doi.org/ 
10.1088/0960-1317/11/1/306. 

[20] Z. Zhang, L. Dong, Y. Ding, L. Li, Z. Weng, Z. Wang, Micro and nano dual-scale 
structures fabricated by amplitude modulation in multi-beam laser interference 
lithography, Opt. Express 25 (23) (2017) 29135, https://doi.org/10.1364/ 
oe.25.029135. 

Fig. A1. Laser interference patterning on titanium in liquid CO2 at 25C, 
100 bar. 

T. Kumpulainen et al.                                                                                                                                                                                                                          

https://doi.org/10.1117/12.2251740
https://doi.org/10.1002/spepro.004281
https://doi.org/10.1002/spepro.004281
https://doi.org/10.12693/APhysPolA.115.591
https://doi.org/10.1021/nl802129f
https://doi.org/10.1021/nl802129f
https://doi.org/10.1016/j.carbon.2011.12.011
https://doi.org/10.1016/j.carbon.2011.12.011
https://doi.org/10.1063/5.0009847
https://doi.org/10.7567/JJAP.52.10MC04
https://doi.org/10.1002/lpor.200810061
https://doi.org/10.1002/lpor.200810061
https://doi.org/10.1016/j.apsusc.2012.03.185
https://doi.org/10.1016/j.apsusc.2012.03.185
https://doi.org/10.1117/1.oe.53.3.034109
https://doi.org/10.1117/1.oe.53.3.034109
https://doi.org/10.1063/1.4883763
https://doi.org/10.1016/j.mee.2008.12.043
https://doi.org/10.1016/j.solmat.2012.09.011
https://doi.org/10.1016/j.solmat.2012.09.011
https://doi.org/10.1088/1361-6528/ab53ba
https://doi.org/10.1088/1361-6528/ab53ba
https://doi.org/10.1016/j.apsusc.2019.01.172
https://doi.org/10.1016/j.apsusc.2019.01.172
https://doi.org/10.1038/35012181
https://doi.org/10.1038/35012181
http://refhub.elsevier.com/S0030-3992(21)00366-2/h0090
https://doi.org/10.1088/0960-1317/11/1/306
https://doi.org/10.1088/0960-1317/11/1/306
https://doi.org/10.1364/oe.25.029135
https://doi.org/10.1364/oe.25.029135

	Interference system for high pressure environment
	1 Introduction
	2 Material and methods
	2.1 High pressure chamber and viewport
	2.2 Laser
	2.3 Materials processed

	3 Constructing the interference system
	3.1 Beam splitting and beam guiding
	3.2 Lens LIL
	3.3 Mirror LIL
	3.4 Installation and test setup

	4 Results and discussion
	4.1 Tests in the air with lens and mirror LIL systems
	4.2 Pressurized condition made tests

	5 Conclusions
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Acknowledgements
	Appendix A
	References


