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ABSTRACT

In this work, we introduce a simple and universal optical setup design for laser surface texturing (LST) that provides functionality superior
than direct laser interference patterning (DLIP). The method requires only a single periodic diffractive optical element and a focusing lens
while enabling unlimited freedom for spatial shaping and amplitude variations. The concept is based on the special behavior of diffraction
gratings when illuminating an area on the grating that is close in size to a single period rather than effectively infinite periods as is usually
discussed in fundamental grating studies. Empirical optimization for a specific ratio value of grating period and incident laser beam size was
done on a two-dimensional intensity distribution by fitting the one-dimensional intensity profile to a periodical squared cosine function.
We investigate the design characteristics and tolerance sensitivity for this work regime and discuss some application ideas including practical
example suggestion of optical design, and some tailored patterning capabilities allowed by the method. A detailed comparison was made

between DLIP setup and the proposed alternative method for LST.
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I. INTRODUCTION

Patterning the surfaces of different materials by laser surface
texturing (LST) has great economic and ecological potential by
adding application-tailored surface properties such as increase or
reduction of friction, hydrophoby, increased light scattering, etc.
Some examples of treated devices include' hydraulics,2 seals,”™
thrust bearing,(’ magnetic storage devices,, MEMS devices,”
engines,” and bone and dental implants.'”'" Products with modi-
fied surfaces can have longer lifetimes, improved ease of cleaning
and lower friction.

The continuously growing availability of laser power enables
laser processing of progressively larger areas, while maintaining
LST advantages of precision, dry environment, microscale features,
and geometry flexibility.

Direct laser interference patterning (DLIP) is one among
several laser techniques used to process large areas with high speed.
Unlike single laser'*™'* scanning methods, DLIP patterns an entire
area using a single pulse with a surface period that is a function of
the angle of interfering beams and laser wavelength. This method
offers unparalleled flexibility in terms of patterned period, as well

as a large focal depth, but requires a rather complex and tolerance
sensitive setup.

Il. THEORETICAL BACKGROUND

In prior publications about DLIP, the authors'*~'” used multi-
element setups where an incident beam was split into sub-beams
(typically 4), then the sub-beams were individually redirected by
refractive or reflective'® optics to be parallel, and finally, all sub-
beams were focused on the target plane.

An advanced setup demonstrated by El-Khoury et al.'’
included an additional Top Hat beam shaper placed before the
beam splitter to improve the intensity uniformity of the patterned
features, HAZ (heat affected zone) referred to area where intensity
did not reach process threshold and converted to unwanted heat
effect, and another advantage in process speed.

The main limitations of these classical solutions are assembly
complexity of elements without rotational symmetry (beam shaper,
beam splitter, and prism) and limited freedom of modification
(fixed beam size of beam shaper, and pattern geometry defined by
beam splitter configuration and fitted prism). The typical DLIP
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setup shown in Fig. 1(a) includes a high-power short pulse pico- or
femtosecond laser, a variable beam expander, a high-power diffrac-
tive optical element (DOE) beam splitter to split the incident beam
into two or more beams, a collimating prism for split diffraction
orders, and a high NA focusing objective.

The alternative setup we suggest shown in Fig. 1(b) is well
known in laser industrial applications.”’ It includes the same laser
as the DLIP setup, a variable beam expander for precise beam size
adjustment, a single DOE beam splitter that creates an interference
pattern in the image plane, and an F-theta scanner. Only small
adaptations are required to convert an existing industrial laser
machines to DLIP applications. The key difference between stan-
dard parallel processing systems used in a similar configuration®' >
and our concept is that the goal of the suggested solution is to
modify entire surface area characteristics by tailored surface pat-
terning instead of discrete spots. This is achieved by certain criteria
that will be discussed in Sec. II.

The diffractive beam splitter used in the proposed setup is a
periodic phase grating element that splits an incident beam into a
predefined configured of diffraction orders. The design of the
element is done by iterative Fourier transform algorithm (IFTA).”*
This algorithm allows one to obtain a desired far field diffraction
order configuration with individual control of the intensity of each
diffracted order. In the far field, one obtains well separated diffrac-
tion limited beams.

The grating theory used to analyze such gratings assumes that
an infinite number of periods are illuminated uniformly by the
incident light, i.e,, a ratio approaching 0 between the grating period
and the beam size. When this ratio increases significantly above 0,
special phenomena appear in the output light field.

Specifically, in illumination for our LST method, we use a
special, empirically discovered, ratio between the incident beam
size and the grating period size. The performance condition is to
find a value when diffraction orders are well separated but still
close. This state occurs on the border between periodical gratings
like diffractive beam splitters and non-periodical beam shaping

ARTICLE scitation.org/journal/jla

solutions like Top Hat beam shapers. For odd numbers of split dif-
fractive orders, this ratio is about 0.65, as we will show.

For all simulations in the article, we used the same parameters:
wavelength of 1064 nm, beam size of 8 mm, effective focal length
(EFL) of 30 mm, and a diffraction limited spot size of 5.1 um. For
propagation, we used the physical optic angular spectrum propaga-
tion method that is most suitable to show interference phenomena.
This propagation method is widely used for laser optical system
design and simulation and is commonly used” by commercially
optical design software.

In our first simulation, example in Fig. 2, we show the effect
of using different ratios of beam size to period size on an example
of 15 x 15 diffraction orders created by a single beam splitter DOE
at the focal plane of a focus lens. It can be seen that for large ratios
0.7 and 0.65 of beam size to period size, spots in the array are well
packed and even have some overlapping, and for smaller ratios of
0.6 and 0.55, the fill factor decreases. On the other hand, smaller
fill factor designs deliver better depth of focus (DOF). The depth of
focus is defined as the z distance when orders are still separated. In
all ratios, the resulting intensity envelope is Top Hat shaped since
all diffractive orders are designed with the same intensity without
the need for any special Top Hat beam shaper as is required to
achieve similar results in DLIP.

As a second case study to find the optimal ratio between beam
and grating period size, we simulated the intensity in the focal
plane for a one-dimensional beam splitter with 15 orders and fitted
it to a squared cosine function. The squared cosine function was
chosen because it describes the optimal surface topography for
many DLIP LST applications.” In Figs 3(a)-3(d), we show that
best results in terms of squared cosinelike intensity profiles are
achieved by this same ratio of 0.65 between beam size and DOE
beam splitter period size. A ratio of 0.55 has better fit close to local
extremum of the periodic function, but when comparing the
overall fit quality, the better ratio is 0.65. In Fig. 3, we confirm the
results quantitatively by comparing the integrated difference
between the intensity distribution and the squared cosine function.

Scanner

F-Theta Lens

FIG. 1. (a) Typical DLIP setup. (b) Suggested optical setup alternative to DLIP for LST. A special LST DOE is placed between a beam expander and a scanner.
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FIG. 2. Effect of ratio between beam size and DOE beam splitter period size. The compromise is between better depth of focus for smaller periods and better fill factor

for larger periods’ size.

It is important to note that for certain applications, other
ratios may be preferred. Still, the general optical design remains the
same.

In Fig. 4, we show the effect of the beam size versus period
size ratio on the DOF. Even a small difference in period has a
strong effect. On the demonstrated examples, DOF of setup with a
period equal to 0.5 beam size is almost twice than for a period
equal to 0.65 beam size.

I1l. PRACTICAL ADVANCED EXAMPLE FOR LARGE
AREA STRUCTURING

The LST concept we present here can easily accommodate
large area structuring, as the number of orders in the beam splitter
can easily be greater than 1000. Let us review a case where the
pattern period is a typical 6 um (useful for super-hydrophobic sur-
faces’’). To cover an area of 12 x 12 mm? with a 6 um pitch, we
would need a DOE beam splitter with 2001 x 2001 orders.

Assuming a focus lens with EFL = 100 mm, such a beam split-
ter would have a period of 17.7 mm, i.e., using the 0.65 ratio, we

would need a beam of 27.2 mm diameter. These parameters are
readily available in standard off-the-shelf F-theta lenses. The DOE
itself would have an easily producible full angle of 6.8°, allowing for
efficient multilevel solutions incorporating zero order elimination
techniques.”® The power densities on the DOE for this LST method
are relatively low, as the beam size is very large, and high-power
fused silica DOE element can easily withstand typical LST high-
power densities and pulse energies, as shown in the work of pre-
vious authors for the 2 x 2 diffractive beam splitter DLIP setup
discussed earlier.

IV. MORE EXAMPLES OF LST

In this section, we present some examples to show that our
suggested structuring method enables freedom to generate intensity
distribution of any level of complexity. In Fig. 5(a), we show the
possibility to control processed and unprocessed regions without
energy loss. Figure 5(b) shows a hexagonal order distribution that
has a better fill factor relatively to square one. Figures 5(c) and 5(d)

J. Laser Appl. 32, 032011 (2020); doi: 10.2351/7.0000030 32, 032011-3

Published under license by Laser Institute of America


https://lia.scitation.org/journal/jla

Journal of

Laser Applications ARTICLE scitation.org/journal/jla

Period = beam size x 0.75

a 05k E
b 05 &

FIG. 3. (a)—(d) Intensity profile of 1D
c o5k | beam splitter of 15 spots for constant

incident beam size and variation of
period size. (e) The integrated differ-
ence between intensity and squared

um cosine function as a function of the
Period = beam size x 045 ratio between period and beam size. In
this parabola like plot, the minima
i value is at a ratio equal to 0.65.

&0 -0 -2 0 20 40 &0

Integral over difference between ideal cosine and intensity
T T T T T

200
I 1 L r

0.4 0.45 05 0.55 0.6 0.65 07 0.75
period/ beam size ratio

75 Period = beam size x 0.5 Period = beam size x 0.65

-60 0.9 0.9
-45 0.8 0.8
-30 e — 0.7 S— 0.7

E-15 0.6 E 0.6

[ = [ =

» 0 0.5 » 0.5

> >

[ B [

x 15 0.4 I — 0.4
30 0.3 0.3
45— 0.2 0.2
60 0.1 0.1
75

-50 -37.5 -25 -12.5 0 -50 -37.5 -25 -12.5 0
Z axis in um Z axis in um

FIG. 4. Depth of focus analysis near the focal position for two values of ratio between period size and beam size. Zero position refers to the focal plane. Smaller ratios
lead to larger depth of focus.
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FIG. 5. (a) Image shows a kind of chess like structuring. Structured cells include 5 x 5 well defines gaussian microstructures. (b) Image shows a hexagonal lattice structure
including 64 gaussian shaped microstructures. (c) Image shows intensity distribution of combination between a hexagonal beam splitter and a small square beam shaper.
(d) Image shows skin like intensity distribution generated by a combination of hexagonal beam splitter and Axicon with certain relation of periods.

show example of combining semiperiodic optical shaping and non-
periodic functionalities (Top Hat shaper and Axicon).

V. COMPARISON TO DLIP

The proposed optical setup benefits from significantly lower
alignment sensitivity compared to DLIP—it is basically completely
insensitive to the centering of the periodic DOE relative to the
beam, unlike DLIP where beam centering on the prism is critical.

The DOE can have a large period (small diffraction angles) and
benefits from higher manufacturing precision and high efficiency
options by manufacturing multilevel or kinoform diffractive patterns.
The efficiency can reach 90%. In contrast, a binary four beams DOE
beam splitter used in DLIP has nominal 65% efficiency.

Another important quality parameter is uniformity between
orders. For most cases, we expect uniformity contrast less than
10%. The fact that a small number of periods is illuminated by the
beam does not have a significant effect on output intensity.

The focusing optics used for our DOE based LST method are
F-theta commonly used in industrial applications. As the method

does not utilize the full scanning field such lenses allow, it can be
used with higher NA than normally allowed when scanning,
enabling patterning pitches of 6 um and even less.

One important aspect where our LST structuring is
limited relative to DLIP is in pitch flexibility. While for DLIP, a
variation in surface pitch can be easily carried out by adjusting
the relative beam angles, our LST method is limited to a certain
pitch that is predefined by the DOE separation angle and the
focusing optics.

This issue can be mitigated by replacing the DOE per-process
or by adding a variable telescope between the DOE and the focus-
ing optics, allowing one to apply scaling to the pattern, including
the pitch. However, for most industrial applications, the need for
flexibility is limited, and a certain fixed pitch per DOE is quite
workable.

VI. SUMMARY AND CONCLUSIONS

In the article, we presented a robust light structuring method
that can be used as a DLIP alternative for LST applications. The
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idea is to use a periodic DOE with a specific beam size in order to
reach the optimal fill factor over the processed area. This method
has obvious advantages over DLIP methods with multiple inter-
fered beams, including better uniformity, higher efficiency, better
HAZ, lower assembly complexity, greater shaping freedom, and
lower system costs. As a practical case, we discussed high density
patterning over a large area using our method and showed it to be
feasible. Following this, we showed a few examples of custom
shapes with orthogonal and hexagonal feature distributions and
advanced shapes of combined functions of beam splitters and
beam shapes.

We believe that the simplification of LST systems using our
approach could be attractive in many applications as an alternative
to DLIP, especially in industrial applications, where there is less
need of flexible variation of the pitch and where reliability and
simplicity are of high value.
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