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Abstract An approach for laser marking surfaces using a
liquid—crystal-based spatial light modulator (LC-SLM) for
beam patterning and manipulation is presented, designed to
avoid the speckle interference problem which is a typical
drawback of current SLM-based laser marking processes. In
our approach, the LC-SLM is used to generate complex two-
dimensional micropatterns (e.g., 20 x 20 datamatrices)
with overall dimensions of < 320 by 320 pm. The micro-
patterns are generated in a series of 16 steps, using a Fresnel
zone lens (FZL) combined with a computer-generated
hologram (CGH); for each step the whole kinoform
(FZL + CGH) is spatially shifted off-axis by a different
amount of pixels to build-up the required pattern. In compar-
ison with other SLM-based laser marking approaches already
reported in the literature, our method not only eliminates (or at
least significantly reduces) unwanted speckle interference but
also reduces the laser power required for marking.

1 Introduction

Liquid—crystal-based spatial light modulators (LC-SLMs)
are electrically programmable devices which provide the
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ability to modify both phase and amplitude of linearly
polarized light. The high spatial resolution of LC-SLMs
(typically more than a half million pixels) coupled with
their relatively high optical damage threshold and ease of
programming mean that they have started to be used with
commercially available short-pulsed (picosecond and
nanosecond) lasers to generate complex beam shapes for
effectively parallel processing of various materials [1-6],
in contrast to the relatively time-consuming sequential
approach of a scanning laser beam. An average laser power
handling capability of commercially-available SLMs in the
visible spectral range is approximately 2 W/cm?, but it can
be increased to approximately 10 W/cm?® when a water-
cooled heat sink is mounted to the liquid crystal display
[3].

To generate an appropriate beam pattern with an LC-
SLM, the device is typically used as a diffractive optical
element (DOE). In this approach, the LC-SLM unfortu-
nately produces unwanted speckles that affect the quality of
the laser marking area. As explained in [5], speckles result
from (a) the pixilated (digital) character of the SLM display
that introduces phase discontinuity to a computer-generated
hologram (CGH) and (b) mutual interference between the
neighbouring beams in the reconstructed image plane of a
CGH when they are very close to each other. One of the
methods to overcome the speckle problem is to use a series
of periodically-shifted CGHs, as reported by Golan and
Shoham [7]. Although this approach allows us to reduce the
speckles and improve the quality of the laser-making area,
as shown by Parry et al. [8], it seems to be ineffective when
very small-scale marks are required, i.e., less than
30 x 30 pum, as shown in “Experimental results” below.
The other potential solution to generate a micropattern
without speckles can be the use of a random laser with low
spatial coherence, as reported recently by Redding et al. [9].
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However, this approach requires an unconventional laser
source and a physical mask for the image projection, which
makes the process inflexible and more complicated.

In this paper, we present a novel SLM-based laser
marking method which allows complex two-dimensional
micropatterns, e.g., datamatrices, to be produced without
speckles, using relatively low laser power levels that do not
risk damaging the SLM display. This is a sequential—par-
allel approach, sequentially using arrays of diffractive
beams (beamlets), where each array machines/marks an
array of subpixels in parallel. A Fresnel zone lens (FZL) in
combination with a CGH is used to repeatedly move the
array of diffractive beams across the workpiece to
sequentially generate the subpixel arrays that eventually
merge into a designed micropattern. Although steering the
laser beam with a FZL written on to the SLM display has
been already reported by Davis et al. [10], this is the first
time that this approach has been reported with an array of
laser spots. The FZL has the important added benefit of
defocusing the zero-order beam at the workpiece, thereby
preventing its unwanted damage [11].

To demonstrate efficient operation of our sequential—
parallel approach, we performed an experiment in which a
230 um square checkerboard pattern was produced by
using: (a) the basic approach without speckle reduction,
(b) the speckle reduction technique introduced by Golan
and Shoham [7], and (c) our novel laser marking method.
We also demonstrate an alternative approach to our method
(d), in which a series of 16 different CGHs sequentially
generate the array of diffractive beams at the processing
plane. Finally, we demonstrate a possible application of our
laser-marking approach for secure data coding of small and
valuable metal parts.

2 Experimental setup

Figure 1 shows an optical arrangement of the experimental
setup. Here, a linearly polarized laser beam is delivered to
the SLM display (Holoeye LC-R 2500) via a half-wave
plate and a x 3 beam expander which is made of fused
silica lenses. The laser (Trumpf TruMicro 5050-3C) gen-
erates 6 ps pulses with a 400 kHz rep-rate, and operates at
a 515 nm wavelength. The SLM display has a resolution of
1,024 by 768 pixels with a pixel size of 19 x 19 um?, and
can generate 8-bit holograms with a frame rate of 75 Hz.
The SLM was able to handle an average laser power
density of 10 W/cm?®. This was possible because the LC
display of the SLM was mounted to a copper heat sink
[4]. The optical power losses of the SLM display were
measured to be 28 %, whereas the diffraction efficiency
of the SLM was more than 70 %, as specified by the
manufacturer. This means that at least 50 % of the output
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Fig. 1 Optical setup used in the laser marking experiments

laser power was used for marking micropatterns on the
target.

In all experiments described in this paper, the computer-
generated holograms (CGHs) were produced using the
Iterative Fourier transform algorithm (IFTA) [12]. To
defocus the zero-order beam at the processing plane,
thereby preventing unwanted machining of the workpiece,
an FZL was generated and added to the CGH using the
Holoeye software, as presented in Fig. 2. In our experi-
mental setup, the FZL was set to have a focal length of
approximately 1.5 m, whereas the final 25.4 mm diameter
fused silica lens with a 30-mm focal length was placed at a
distance (d) of 0.91 m from the SLM display. This simple
two lens focusing system provided a 1.45 mm separation
between the planes of the focused zero-order and the dif-
fractive pattern, as calculated using a formula given in [11].
The workpiece, which was a flat piece of martensitic
chromium steel (Chromﬂex®) from Sandvik, was placed at
the position where the diffractive pattern was projected.
The resolution of our laser marking system was determined
by the optics used and the dimension of SLM display. The
Abbe diffraction limit of the system, i.e., D = Ae(2 NA)f1
where A is the laser wavelength and NA is the numerical
aperture of the final lens, was calculated to be approxi-
mately 1.1 pum. The calculation was made for a 14.6 mm
diameter laser beam that corresponded to the aperture of
the SLM display. Although we did not reach the Abbe limit
of 1.1 um in our optical setup, we were close to this value
because the diameter of the laser beam delivered to the
SLM display was approximately 10 mm.

There are several benefits of the use of the optical sys-
tem with the software-generated FZL over a conventional
6-f optical system [1-5, 8] which requires the use of three
lenses after the SLM together with a spatial filter to block
(eliminate) the undiffracted zero-order beam at the pro-
cessing plane. First of all, the optical setup is relatively
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Fig. 2 Generation process of
the CGH with the software-
written FZL
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short, being dependent on the focal length of FZL and the
final focusing lens [11]. Moreover, the length can be fur-
ther reduced if a pair of folding mirrors is used, making the
SLM-based laser marking setup quite compact. The second
benefit is the low number of optical components in the
optical system. It is well known that additional lenses may
introduce distortions (aberrations) of the laser beam,
thereby reducing the quality of generated micropatterns.
Moreover, each additional lens provides some additional
optical power loss, further reducing the overall optical
efficiency of the SLM. The third benefit is the presence of
the redistributed zero-order beam over a large area at the
processing plane, because this beam additionally illumi-
nates the laser-marked area, reducing the SLM-diffracted
power required for marking.

3 Experimental protocol

To demonstrate efficient operation of our laser-marking
method, we performed an experiment in which an 8 x 8
square checkerboard with the overall dimension of 220 pm
by 220 um was generated by using four different
approaches:

(a) Basic approach in which a fixed CGH with the
software-written FZL (see Fig. 2) is used to produce
the checkerboard on the surface of Sandvik Chrom-
flex® steel. The metal was treated by 16 laser pulse
trains each of 13.33 ms duration. This duration was
chosen to match a single image frame generated by
the SLM, and was necessary to avoid the temporal
fluctuations of phase modulation associated with this
type of SLM, as reported elsewhere [13]. Although
this problem can be overcome by synchronizing a
laser pulse train with the SLM display (see more
details in [13]), this approach was not used in our
experiments.

(b) A previously reported approach [7, 8] in which the
test pattern is produced by 16 trains of laser pulses,
but this time the CGH is periodically shifted (verti-
cally and/or horizontally) prior to each laser pulse
train. In each shift, the CGH pattern is moved by a
given number of pixels, as demonstrated in Fig. 3,
and the FZL is subsequently added. Following
this procedure, each displaced CGH generates the
checkerboard pattern in the same place on the
metal surface, but with a different speckle field
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Fig. 3 Periodic kinoform shift A
demonstrated on a 256 x 256
pixel CGH. The periodic shift is
64 pixels. The CGH is shifted
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Fig. 4 The concept of the novel laser marking method described in (c) below. Black and gray dots represent currently and post-marked subpixels

of the checkerboard, respectively

superimposed, effectively reducing speckles by ‘time-
averaging’ over the 16 frames.

(c) Our novel laser marking approach, as shown concep-
tually in Fig. 4. In this case, a CGH combined with
the FZL is used to generate an array of diffractive
beams (beamlets). The beamlets are used to mark in
parallel small areas (subpixels) of the checkerboard
squares. The top left (first) subpixels of all squares are
illuminated for the first frame of the SLM (13.33 ms).
The whole kinoform (CGH + FZL) is then shifted
prior to the second frame in order to translate the
array of beamlets by one subpixel to the right, and
afterwards mark the second subpixel of each check-
erboard square. This process is continued until all 16
subpixels have been marked. The translation of the
beamlet array across the processing plane is possible
by means of the FZL, which is moved off-axis using
the Holoeye software.

(d) An alternative approach to (c) in which 16 different
CGHs are used to sequentially mark the checkerboard
pattern. Again, the checkerboard squares are marked
in parallel, using 16 successive frames—each of
which generates an array of subpixels. However,
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rather than moving the whole kinoform
(CGH + FZL) between each frame (laser irradia-
tion), a different CGH design (together with on-axis
FZL) is instead used to generate each of the subpixel
arrays.

4 Experimental results

Figure 5 shows the checkerboard patterns which were
produced by using one of the four laser-marking approa-
ches described in “Experimental protocol”—in the same
order. Patterns presented in Fig. 5(a) and (b) were gener-
ated at an average laser power of P = 7.1 W, using
16 x 13.33 ms trains of laser pulses. The laser marked
areas of Fig. 5(a) and (b) clearly suffer from speckle
interference, even though the pattern in Fig. 5(b) was
marked using the time-averaging technique, as described in
(b). Although this technique can efficiently reduce speck-
les, as reported in [8], in our case, the reduction was
inefficient because the marked areas were significantly
smaller.
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Fig. 5 Checkerboard pattern
produced using four different
approaches: a basic approach,
b time-averaging technique,

¢ our new laser-marking
approach, and d an alternative
approach to c. Patterns (a) and
(b) were generated at

P = 7.1 W, while patterns

(c¢) and (d) were produced at
P=225W

(b)

(c)

The checkerboard in Fig. 5(c), meanwhile, which shows
no evidence of speckle, was obtained using our new
approach [described in (c)]. The average laser power used
for marking the pattern was approximately three times
lower (P = 2.25 W) than for approaches (a) and (b), whilst
the other laser machining parameters were unchanged. To
generate the checkerboard, the whole kinoform
(CGH + FZL) was repeatedly moved off-axis with a step
of seven pixels (as defined in the Holoeye software) prior
to each train of laser pulses. The marked subpixels of the
checkerboard were measured to be approximately 7 pum in
diameter. Since the subpixels were exactly adjacent for the
kinoform shift of 7 pixels, it is clear that the experimental
setup provided a positional accuracy of less than 1 pum.
Here, it should also be mentioned that we were not able to
mark the checkerboard pattern at the laser power of 2.25 W
when approaches (a) and (b) were applied. This is because
in these approaches the amount of the output laser power
was redistributed over a larger area of the diffractive

(d)

pattern (i.e., the whole checkerboard pattern), rather than
being focused in only 16 beamlets, reducing the effective
optical intensity required to ablate the workpiece. The use
of a lower laser power for marking is a major advantage of
approaches (c) and (d), because the average laser power
handling capabilities of commercially available SLMs do
not exceed typically 2-3 W/cm?® unless an additional
cooling system is applied.

Although a similar quality checkerboard pattern can be
obtained using the alternative laser marking approach [i.e.,
approach (d)], as can be seen in Fig. 5(d), this method does
not provide such precise movement of the array of sub-
pixels because the movement is limited to only one sub-
pixel in terms of the target image design. If we consider the
experimental setup shown in Fig. 1, this corresponds to a
7 pum shift at the workpiece surface, while our preferred
approach [i.e., approach (c)] allows the array of beamlets to
be shifted with a step of approximately 1 pm, and hence it
provides higher resolution marking. To obtain such a
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precise movement of the workpiece under the highly-
focused laser beam, it would be necessary to use high-
accuracy translation stages, but this approach could sig-
nificantly increase the laser marking time due to the
entirely  sequential  (point-by-point) laser marking
approach. The benefit of adopting a different CGH design
in approach (d) is that each CGH is optimized for each
individual image generated by the SLM, and therefore the
distribution of speckles is naturally random. However, in
our case, i.e., when a CGH generates an array of subpixels,
the speckles are not the serious problem, because a sepa-
ration distance between the individual subpixels is large
enough to avoid interference between beamlets. As shown
in Fig. 5, there is no need to design 16 different CGHs and
load them onto the SLM individually for each laser pulse
train—like in approach (d)—to provide high quality abla-
tion. Therefore, the laser marking time in approach (c) is in
fact less than that in approach (d) because only one CGH is
loaded onto the SLM and used for the whole marking
process.

The defocused zero-order beam can cause serious surface
damage to the sample if the intensity of the zero-order beam
at the processing plane is greater than the ablation threshold
of the substrate [11]. To avoid such damage, the separation
distance between the planes of the focused zero-order beam
and the diffractive pattern must be carefully selected. Then,
the diffracted multiple beams will ablate the substrate in the
desired areas whilst the defocused zero-order beam will not
cause any damage to the surface. The separation distance for
which the sample is not damaged by the defocused zero-
order beam depends on the focal length of the final focusing
lens used in the optical setup. If a relatively short focal
length is used, e.g., the 30 mm FL lens used in our experi-
ments, the separation distance can be 1.5 mm (or even less).
If arelatively long focal length lens is used, e.g., the 100 mm
F-theta lens used in the experiments described in [11], the
separation distance must be at least 5 mm.

5 Generation of complex micropatterns using our laser
marking approach

Many manufacturers are obliged to mark their products and
components to provide necessary information about the
goods to suppliers and customers. Marks are used for pri-
mary identification (e.g., company name, part number),
traceability (e.g., serial number), compliance control of
products (e.g., CE mark), and for anti-counterfeiting.
Marks can contain alphanumeric characters, symbols,
trademarks, and also data-coded information in the form of
barcodes, QR codes, or datamatrices. When the product is
relatively large, the marking process is quite straightfor-
ward. However, if the product is very small (less than a
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couple of millimeters) it is very difficult to generate a mark
that will contain necessary information about the product.
Therefore, there is a need to provide a technique for
marking, which will allow marks to be located on a very
small scale.

In this section, we present a possible application of our
laser-marking approach for secure data coding of small metal
parts. Figure 6 showsa20 x 20 datamatrix containing coded
information of 22 alphanumeric characters. This code, when
is magnified, is readable using, e.g., a smartphone with a
downloaded datamatrix reader. Since the datamatrix design
was larger than the checkerboard pattern shown in Fig. 5 and
was constructed using 223 beamlets from the CGH, it proved
necessary to increase the output laser power to 10.9 W in
order to achieve ablation of the metal. As before, we used 16
laser irradiations (16 x 13.33 ms trains of laser pulses), but
this time the FZL was set up to give an approximately 1 mm
separation distance between the planes of the focused zero-
order beam and the diffractive pattern. This approach not only
allowed the datamatrix (square) pixels to be reduced in size to
only 15.5 pm, but also reduced the size of the defocused zero-
order beam at the processing plane (and hence increased the
‘background’ intensity that this zero-order provides), and
thus decreasing the minimum laser power required to ablate
the substrate. However, because the separation distance
between the individual beamlets was shorter than that used
for generating the checkerboard pattern (see “Experimental
results”), the 20 x 20 pixel datamatrix suffered from small-
scale speckles, as can be seen in Fig. 6(b), due to mutual
interference of the neighbouring beamlets. Moreover, it can
be observed in Fig. 6 that the edges of the datamatrix are
slightly faded in comparison to the centre. This results from
the fact that the IFTA used in our experiments did not opti-
mize a CGH in terms of the intensity uniformity of the dif-
fractive image generated by the CGH. More uniform intensity
distribution within the diffractive image, however, could be
obtained by: (a) designing a CGH for the actual shape of the
laser beam delivered to the SLM display, (b) using a feedback
closed-loop control for optimising the CGH [14, 15], or
(c) using different algorithms for generating a CGH [16, 17].
Another reason for the fading can be aberrations generated by
the optical system because the effective focal length of the
setup was decreased in order to obtain a datamatrix of less
than 320 pm by 320 pm.

The time required for the generation of the datamatrix
shown in Fig. 6 has been estimated to be approximately
0.6 s (16 x 13.33 ms for laser marking and approximately
0.4 s for shifting the whole kinoform between the sub-
sequent laser irradiations). This means that 100 similar
micropatterns can be produced within one minute.
Although the processing time seems to be acceptable for
mass-marking, such small datamatrices could be produced
in an even shorter time if an SLM with higher frame rate
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(b)

Fig. 6 a Datamatrix containing a code with 22 alphanumeric characters. This datamatrix was produced on the surface of Chromflex steel using
our invented laser-marking method at P = 10.9 W. b Close-up view of the left-bottom corner of the datamatrix shown in a

was available. Recently, we have found that high quality
markings can be generated even with 400 pulses/pixel
(compared with the 5333 pulses/frame used here), provid-
ing the opportunity to reduce the laser marking time of
20 x 20 pixel datamatrices to less than 0.42 s.

Another solution for reducing the fabrication time of the
datamatrices is to introduce a galvo-scanner or polygon
scanner to the laser marking setup. This approach, however,
does not allow (with a standard F-theta lens) the features to
be marked with dimensions as small as those obtained by
the SLM—using either approach (c) or (d). Moreover,
galvo-scanners provide a laser beam positioning error,
which can be greater than 2 pm, and of course, they use
moving parts (mirrors) which can be a problem when the
galvo scanning system is exposed to external vibrations,
e.g., when used for marking products in mass production.

Finally, we report that we used our laser marking
approach to generate a number of different micropatterns
(not shown in this paper). All of them had very good mark
quality without visible speckles. This indicates that our
laser marking approach is reliable and potentially can be
transferred to industry for marking small components.

6 Conclusion

We have experimentally demonstrated a simple but novel
SLM-based laser marking approach in which an array of
beamlets is used for parallel marking the array of sub-
pixels to build-up arrays of square pixels. This approach

allows complex micropatterns to be produced on the
workpiece without visible speckles. This means that such
patterns can be easily read with an optical microscope
equipped with the datamatrix reader. We believe that this
new marking approach will find application in medicine,
industry, and military for secure data coding of small and
valuable parts, such as stents, microchips, car/aeroengine
components, etc.

Although it is possible to generate small micropatterns
by entirely sequential marking using a galvo scan-head
with a single focused laser beam, datamatrices with such
small-scale square pixels would be difficult to achieve with
standard galvo scanning systems. Our new SLM-based
sequential-parallel approach, meanwhile, provides an
efficient and throughput, high precision process without the
need for moving parts, which can be beneficial when the
marking process must be performed in the environment
that is exposed to external vibrations (e.g., in line
production).

In this paper, sequential-parallel processing using dif-
fractive multiple beams generated by an SLM has been
demonstrated for producing speckle-free micropatterns.
Although this work was focused on marking of metal
surfaces, the same approach can also be used for processing
other materials, such as glass, semiconductors and poly-
mers. We believe that our technique, when additionally
combined with translation stages for moving the substrate,
can be exploited in many other applications, e.g., high
throughput pattering/structuring of surfaces or direct laser
writing of 3D optical components/devices.
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