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Abstract
paper. Diffractive multi-beam patterns are generated with a spatial light modulator (SLM), which is driven by com-

Multi-beam ultra-fast laser parallel microprocessing using spatial light modulation is demonstrated in this

puter generated holograms (CGHs). The CGHs calculated by appropriate algorithms are displayed on the SLM to split
an input laser beam to a number of beamlets and digitally manipulate their positions and intensity. The undesired
damage by the energetic zero order beam can be avoided by either installing a 4 f optical system to block the zero or-
der at the Fourier plane or adding a Fresnel zone lens on the CGH to defocus the zero order at the processing plane.
The surface ablation of materials using multi-beam patterns synchronised with a scanning galvanometer system shows
flexible and high throughput parallel processing. By tightly focusing the diffractive beams with an objective into
transparent materials, high speed dynamic femto-second laser two-dimensional (2D) and three-dimensional (3D) in-
ternal structuring is also presented. The results demonstrate the high precision micro-processing with higher efficien-

cy. showing the potential for ultra-fast laser parallel processing in real industrial applications.
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1 Introduction

During the last decade, ultra-fast lasers have
been employed to obtain micro-processing of mate-
rials including both high precision surface micro-
machining and three-dimensional (3D)
structuring. Due to the ultra-high intensity of fo-
cussed femto-second pulses (I>10"% W/cm?) non-
linear absorption can be induced at the focus, lead-

ing to highly localized material ablation or modifica-
[1~7]

internal

tion . In metals, when the input fluence, F, is
kept in the low regime, a few times above the abla-
tion threshold (F'~1 J/cm?), heat diffusion during
the temporal ultra-short pulse width can be reduced
to the nano-meter scale, comparable to the optical
skin depth™'7. Accordingly, the pulse energy
used in ultra-fast laser processing is often kept to
the micro-joule (uJ) level for fine micro/nano-sur-
face structuring due to the low and well-defined ab-
lation thresholds. Consequently, high gain regener-
ative amplifier systems running at repetition rate of
about 1 kHz, providing milli-joule (m]) level output
pulse energy have to be attenuated severely, thus
limiting the useful throughput.
Generating parallel multi-beam, by spatially
splitting a m]J level energy laser pulse into many

femto-second laser; spatial light modulator (SLM) ; computer generated holograms (CGH) .
doi: 10.3788/CJL20093612.3093

lower energy pJ laser pulses, is a novel and
straightforward method to increase the efficiency
and throughput of precision ultra-fast laser process-
ing. From multi-beam interference™~%’ to micro-
lens arrays'®*~*", previous studies have demonstra-
ted a number of approaches to create multi-beam to
improve ultra-fast laser micro-fabrication. Parallel
processing with arbitrary multi-beam patterns using
a spatial light modulator (SLM) as a dynamic device
of diffractive optical elements was first employed by
Hayasaki et al.™?7, In this paper, dynamic fem-
to-second and pico-second laser highly parallel pro-
cessing using SLMs with scanning galvanometers is
demonstrated, clarifying the importance of laser
bandwidth"*~**'. High average power pico-second
processing up to 1.2 W into diffractive beams is also
reported, signifying the potential of this technique
in industrial applications. In addition, dynamic
femto-second laser parallel refractive index two-di-
mensional (2D) and 3D structuring inside transpar-
ent materials is carried out. As a result, high quali-
ty volume gratings are produced with a gain factor
G over 20. Finally, a series of applications are
demonstrated, showing great potential for applying

this technique in industry.
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2 Generation of Multiple Beams Using a
SLM
2.1 Introduction to SLM
Figure 1 is a sketch showing how a SLM
works, in which the input light is modulated by the
hologram displayed on the SLM after (a) reflection
or (b) transmission. The signal transmitting the
holograms can be either optical or electrical, depen-
ding on the type of SLM. Electrical addressed re-
flective SLMs (ER-SLMs), Holoeye " LC-R 2500
and Hamamatsu-**! X10468 series, are employed in
our research.

() the hologram to (b) the hologram to

modulate the input light modulate the input light
(optical/electrical signal) (optical/electrical signal)
the input light
/ the input light

\ |

the output light
the output light e

Fig.1 Sketches demonstrating different types of SLMs.

(a) reflective; (b) transmissive, and how they work
Most of ER-SLMs have a nematic liquid crystal
display (LCD) where holograms can be presented.
Figure 2 schematically shows the hasic structure of
LCD. The charge-coupled device (CCD) chip on the
left of the figure, having a pixelated 2D array
structure with a given resolution (1024 X 768 for
Holoeye LC-R 2500 SLM™*), is a device to electri-
cally load the data from the computer generated hol-
ograms (CGHs) which has the same resolution. Af-
ter the data is transmitted, the required voltage is
addressed onto each of the pixels to build up an e-
lectric field, E, leading to a series of changes on
the corresponding liquid crystal (LC), e. g., re-
fractive index change, An'* "', As shown on the
right of the figure, the input light firstly reaches a

transparent
electrode (e.g., ITO)

glass

pixelated CCD structrue
(with MxN resolution)\.
mirror o

the input light

CGH

d

electrical signal from the

the output light
connected computer

E field

voltage applied

Fig.2 Basic structure of a LCD

transparent protective glass layer and then a trans-
parent electrode, normally made of indium tin oxide
(ITO). Then with reflection at the mirror, the
light goes through the LC layer for a second time.
The phase of the output light is modulated mainly
due to An, driven by the electric field, E.
2.1.1 Phase Modulation

The optical path difference (8) and the phase
change (Ag) of the output light can be evaluated by
the following equations:

0=~ 2And , (D

AgD:k-é‘%Z/T’TZAnd :%And, (2)

where k and A are the wave number and wavelength
of the input light respectively, and d is the thick-
ness of the LC. Since An is a function of the voltage
(v), i.e., An = f(v). Thus

A@%i—ndof(v). (3)

Since the commercial SLM displays a 8-bit CGH,
where the change of voltage driven by the CCD pix-
els has 2% = 256 levels, normally symbolized by the
0~ 255 grey levels, the phase change (Ag) is a
function of the grey level. The graph of Ag versus
grey level as shown in Fig. 3, which is from the
measured results of the Holoeye LC-R 2500 SLM
withA = 632. 8 nm linearly polarized laser input™*®’,
demonstrates near linear increase of the phase mod-
ulation by changing the grey levels from 0 to 255.
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Fig.3 Measured results of Holoeye LC-R 2500 SLM with
A = 632. 8 nm linearly polarized laser input, show-
ing near linear increase of the phase modulation by

changing the grey levels from 0 to 255M%

2.1.2 Intensity Modulation

The polarization of the output light can also
changed by the voltage, i.e., the grey level. So,
with the setup shown in Fig.4. (where two polariz-
ers, P and A, with perpendicular polarisation direc-
tion, are installed before the light illuminating and
after reflecting on the SLM, respectively) , intensi-
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ty modulation can be obtained. The intensity meas-
ured after the analyzer (A) depend on the grey lev-
el driving the voltage through the pixels to twist the
LC cells.

Overall, as shown in Fig.5, an SLM is able to
modulate both phase (¢,) and amplitude (A,) of the
input light by using the appropriate setup and CGH.

polarizer (P)

non-polarized
\ light
‘ /&input
\ “
LC oy tpuk Y
v polarization <‘ ’
change depe
power meter
SLM onV
analyzer (A)

Fig.4 Setup for intensity modulation

SLM
the input light
// Aexp(ip,)

the output light
AAexpli(p,+p)]

Fig.5 Schematic illustration of how a SLM works-modulating
the phase/intensity of the light
2.2 Generation of Multiple Beams with an SLM
With an SLM, phase holograms are widely
used to generate multiple beams for different appli-
cations from multi-trapping of micro-particles in op-
tical tweezers'**~*! to ultra-fast laser material mi-

B2=431  while

cro-processing intensity holograms
have other applications, e.g. . laser beam shaping,
where the hologram works as an intensity mask to
modulate the intensity distribution of the input laser

beam!®- %

. Generally speaking, according to a po-
sitional relationship between the hologram and the
target, the phase holograms used to generate multi-
ple beams can be classified into three different
types.

The first type is the Fourier plane hologram.,
because the target is put on the Fourier plane of the
hologram., as shown in Fig.6, where lenses 1 and 2
forms a 4 f-imaging optical system, and the un-dif-
fracted zero beam is simply blocked with a spatial
filter and lens 3 is actually used to focus the diffrac-
ted multiple beams at the Fourier plane for the ap-
plication. Based on a Fourier transform, the itera-

[67]

tive Gerchberg-Saxton (GS) algorithm"®"", widely

used in various applications from holographic optical

diffractive
multiple beams

Fourier plane

1 spatial
1 filter

target

0-th beam lens 3

lens 1 (background) Jens 2

Fig.6 Creation of multiple beams with Fourier plane
hologram
tweezers to ultra-fast laser parallel micro-process-

[32,50]

ing , 1s probably the most popular method to
calculate this type of CGH. An algorithm with a non-
iterative approach, the superposition of prisms, first
published by Liesener et al.* is another method
to generate Fourier plane hologram, and this has
demonstrated some improvement over the GS algo-
rithm, e. g., the calculation speed™® . Both of the
algorithms have been employed in the current
study.

The Fresnel plane hologram is the second
type, where the target is put on the Fresnel plane
of the hologram. Figure 7 demonstrates the posi-
tional relationship between this hologram and the
target, where the diffracted beams are focused on
the Fresnel plane by the hologram, with lenses 1
and 2 employed as a telescope system. The un-mod-
ulated zero order beam is in the background of the
diffracted peaks, with no influence on the target.
Multi-plexed phase Fresnel lenses hologram, first
attempted by Satoshi Hasegawa et al. to generate
multiple focused peaks for holographic femto-second
[33.38]

laser processing , is a typical Fresnel plane hol-

ogram.

diffractive
Fresnel plane

0—th beam

(background)
SLM lens 1

Fig.7 Create multiple beams with Fresnel plane hologram

The third type is a combination of the Fourier
and Fresnel plane holograms. As illustrated in Fig.
8, with this type of hologram, the target is put on a
plane, which is neither the Fourier nor the Fresnel
plane, but is placed where the multiple diffractive
beams focus. Since the zero order beam is defo-
cused on the target plane, this type of hologram can
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be used to avoid the un-wanted effects caused by the
zero order beam .
diffractive

multiple
beams

Fourier plane

%target
(background)  focq) lens |

SLM

processing plane Fresnel plane

Fig.8 Create multiple beams with the third type of holo-
gram, which is the combination of the Fourier and
Fresnel plane hologram

3 Calculation of CGHs

An optical beam can be represented by a com-

plex field, which can be written as

o = Aexpligy) , 1)
where A is the amplitude of the field and ¢ is the
phase. The phase holograms act as a transmission,
t, mathematically expressed as the following equa-
tion, which therefore modifies only the phase of
the beam:

¢ = exp(ig,). (5)

When the beam given by Eq. (4) incidents on
the SLM, the complex amplitude profile of the
beam after the modulation of the phase hologram
will be

O = o = AoeXp[i(§00 TLQD/,)]- (6)

The algorithms, which will be described in
this section, are used to generate this phase pat-
tern (o
3.1 Algorithms for Calculating Fourier Plane

Holograms

The Fourier plane phase hologram is designed
such that when the modified beam, ¢, s is focused by
a lens, the light intensity distribution in the image
space (at the focus of the lens) is the one desired,
e. g. ., multiple focused spots at prescribed posi-
tions.

According to Fourier optics, there is a Fourier
transform relationship between the complex field,
¢ s in the pupil plane of the focal lens, onto which
the plane of the SLM is imaged., and the complex
field, ¢, at the focus of the lens in image space,
which can be shown as

sbi(fivyi) :FT{gl)h(Ih’yh)}- (7

The image space field can therefore be thought

of as a scaled version of the far-field diffraction pat-

tern that would be produced by the beam leaving
the SLM. If one of ¢, or ¢, is known, it is straight-
forward to calculate the other unknown field by tak-
ing the forward or inverse Fourier transform of the
known field, as shown in Fig. 9. The algorithms to
be introduced in the following are the means of cal-
culating the phase hologram for a desired far-field
intensity pattern, e.g., a certain number of multi-
ple beams with arbitrary geometry for multi-beam
applications.

field at
hologram

Fig.9 Fourier relationship between the plane of the
hologram and the image space of the focal lens

3.1.1 The GS Algorithm

As mentioned., with its wide applications from
holographic optical tweezers to ultra-fast laser par-
allel micro-processing™?*""*!, the Fourier-trans-
form-based the GS algorithm, first published by
Gerchberg and Saxton in 19727, is one of the
most popular methods to calculate Fourier plane
CGHs.

The GS algorithm can be used to calculate the
phase required in the hologram plane to produce a
predefined intensity distribution in the focal plane
of the lens. The target intensity distribution is de-
fined in the image space as I,(x;, y,), and the aim
is to find ¢, (2, , ;) such that ( FT {exp(ig, )})*
= 1,. To find the desired phase ¢, , the algorithm
starts at the hologram plane with a random ¢, and
constant unit amplitude. Therefore, for the first it-
eration step, the light field in the hologram plane is

D = explig,). (8)

For the first and sub-sequent iteration, the
light field is propagated to the image space by tak-
ing its Fourier transform, i.e., for the k-th itera-
tion,

Gik :FT{SIJI,J:}- (9

Then, the light field in the image space is
modified by keeping the phase but replacing the in-
tensity with the target intensity, I, :
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@i =arg(¢ie) s (10)
¢,,k/ Zﬁexp(iga,,k). (1)
The resulting light field is then propagated
back to the hologram plane by taking its inverse
Fourier transform:
G = FT g} 12
The iteration is finally completed by again
keeping the phase but replacing the intensity with
uniform constant intensity:
Pr. k1 :arg(gl}/,,k/) , (13)
Onei :eXP(iSDh.kH). (14
Since the laser beam has a Gaussian intensity
profile, it is sometimes desirable to replace the in-
tensity with the Gaussian profile. With a few itera-
tions, 7, the algorithm converges such that the ar-
gument of the light field at the hologram plane is
the phase required to produce the target field in the
image space:
onn = arg(ey ). (15)
Figure 10 shows how to generate a phase holo-
gram with the GS algorithm. The calculation starts
from the upper left corner, and moving clockwise
runs through the forward/inverse Fourier trans-
forms with replacing intensity and Kkeeping the
phase, as in the iterative approach described above,
and finally generates the phase hologram shown at
the bottom left corner.

s amplitude in
Intensity Fourier transform target plane

B D=

inverse Fourier

transform
, <= ¢ JTH@)
4 ¢
approximation approximation target
to required to desired intensity

source amplitude target amplitude

hologram

Fig.10 Diagram showing how to generate a
phase hologram with the GS algorithm

The GS algorithm can be used to generate not
only multiple focussed spots of light but also arbi-
trary 2D intensity distributions. Extended by Haist
et al.'™, the GS algorithm has been demonstrated
to modulate the intensity distributions in several
planes simultaneously. Later, Sinclair et al.™"
successfully applied this algorithm in holographic
optical tweezers, simultaneously trapping several
objects in individually controllable arbitrary 3D po-

sitions. In contrast to the simpler and computationally
faster non-iterative algorithm, to be next introduced
(the non-iterative complex superposition of prisms (and

Y5854 where the phase between

lenses for 3D patterns
each multiple beams is fixed) ., this algorithm takes ad-
vantage of the phase freedom and iteratively optimizes
the focal-plane intensity distribution by varying both
these phase values and g,.

3.1.2 The Non-iterative Complex Superposi-
tion of Prisms (and Lenses for 3D Pat-
terns) Algorithm

First introduced by Liesenser et al.’, the
non-iterative complex superposition of prisms (and
lenses for 3D patterns) algorithm is a simple and
computational fast method to calculate phase CGHs
for the generation of multiple beams.

As shown in Fig. 11, combining the phase of
basic optical components, prisms or gratings, which
result in lateral shifts, and lenses, which produce
axial shifts in a similar way., the algorithm, some-
times called the gratings and lenses (GL) algo-

[53]
’

rithm can generate 3D arbitrary multi-beam

pattern in the imaging space after a focal lens.

H 2n
0 u target

Fig.11 Phase required for lateral and axial shifts,

quoted from Leach et al."*!

It is known that a single beam with planar phase
fronts at the plane of the hologram, i. e., ¢,
constant, corresponds to a single focussed spot in
the image space. If the hologram plane has an in-
clined phase front, the spot in the image space will
be laterally displaced from the optic axis. This is e-
quivalent to passing the light through a prism with a
small angle that introduces a linearly increasing
phase delay ¢, across the beam. The phase at the
hologram plane required to produce a lateral shift
(Ax, Ay) in the position of the focused spot is giv-
en by

Gprisn (1 s 1) = a(Axzx, + Ayyi) s (16)
where « is a coefficient that depends on the imaging
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characteristics and wavelength.

To generate 2D arbitrary multi-beam pattern at
the focal plane of the lens, the phase at the holo-
gram plane, ¢, , should be the complex superposi-
tion of the prism phases, each of which shifts a fo-
cused spot onto one of the requested positions,
(Axiy Ay;), as shown in Fig. 12. Accordingly, ¢
can be expressed as

[/ (§0prism—1 + Pprism—2 + "'gmem—”)mOdZT( =

n
(> @oriem ) moOd27. (17)
i=1
field at
hologram
target field
hologram : target v
phase 1 TS —]—'X

l

complex
superpositionzz
of the prisms 5352

(A, Ay,)

(Ax,Ay))
L] L]
H .

(U] B

4 44

Fig.12 2D arbitrary multi-beam pattern generated
by complex superposition of prism phases
To also axially shift each of the focal spots in
the image space, an additional lens phase should be
added. hence obtaining multi-beam pattern in 3D.
The lens phase can be given as
— —2’*7<x%+y,%>, (18)

where f is a function of the axial shift distance and

@y (2, 5 Y )

k= 2w /A1is the wave number of the light. This is
equivalent to passing the light through an additional
lens with focal length, f. With both prism and lens
phase added. the focussed spots are displaced not
only laterally but also axially, i. e., three-dimen-
sionally. The phase of the beam at the hologram
plane is required to be the (modulus 27) sum of

gDprism an d Schns

SD/}I = [ E (gDprism*i + gplens*i ) ]mOdzﬂ'- (19)
i=1

Clearly, without any iterative calculations re-
quired, the GL algorithm is simple and computa-
tionally fast. With a standard personal computer,
the hologram calculation speed can meet the re-

quirement of real time change in multi-beam pat-

tern. The literature demonstrates dynamic CGHs
calculation for 2D/3D trapping and manipulation
the micro/nano-particles by optical tweezers with
this algorithm!-56-56]

However, the diffractive efficiency, 7. the en-
ergy of light directed to the requested positions o-
ver the total input energy, and the uniformity of
the diffracted multiple beams, may be low and
poor, especially for the pattern with symmetric ge-
ometry, due to the high possibility that one or
more ghosts overlap with the desired diffractive
(+ 1) order beams, a process called ‘degenera-
ny[ﬁsj.

order diffractive peaks produced by the phase grat-

In most cases, the ghosts are the higher

ings, i. e. , the prism phases. As introduced, a
phase grating, equivalent to a prism, deflects an
enhanced + 1 order beam to a required position
(Axi» Ay;), by imposing an appropriate phase

@prism 3 hOwever, it also generates other diffractive

orders (e. g., —1 order) with much lower intensi-

ty. For the GL algorithm, the phase between each

multiple beams is fixed, without any freedom to a-

void the ghosts overlapping with the desired dif-

fractive +1 order, hence causing the high possibil-
ity of degeneracy.

Probably due to this high possibility of low
diffractive efficiency and poor beam uniformity,
the GL algorithm is not usually used to generate
multiple beams for high precision ultra-fast laser
processing. The current author may be the first to
attempt parallel micro-processing by using ultra-
fast lasers with diffractive multiple beams genera-
ted by the GL algorithm. With the considerations
of spectral bandwidth of the laser source and the
geometric pattern design of multiple beams, the
results shown and discussed in chapter three and
four, have also demonstrated high diffractive effi-
ciency and excellent beam uniformity, compared
with those produced by the time-consuming GS it-
erative algorithm.

3.2 The Multiplexing Phase Fresnel Lenses
Algorithm for Calculating Fresnel Plane
Holograms

The use of the multiplexing phase Fresnel len-
ses (MPFL) algorithm to calculate Fresnel plane
holograms, was first attempted by Hasegawa et
al .F%%1 to generate multiple beams for parallel
femto-second laser processing.

The complex amplitude of a phase Fresnel lens
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(PFL) is

(x—x)* + (y—y,)?
2z;

where z; is a focal length and £ = 2x /A is the wave

number. With PFL, the light can be focussed at

(x;» vi» 20 in the Fresnel diffraction field. Accord-

), (20D

¢rr. (s y) = exp(ik

ingly, the MPFL which can generate n multiple fo-
ci, three-dimensionally arranged in the Fresnel dif-
fraction field, is expressed as
dn—mpEL (x 9y) =
n N2 )2
Slexp(ip Lt LD s
where the amplitude is set to 1 and ¢; is the centre

phase. The diffraction peaks are made uniform by
changing the centre phase and size of each PFLs
while taking account of the intensity distribution of
the irradiated laser pulse and the spatial frequency
response of the SLMP,

With the phase hologram calculated by the MP-
FL algorithm, 2D and 3D parallel femto-second la-
ser processing with single-pulse irradiation has been
demonstrated™**!. This may be useful to fabricate
micros-tructure inside a material and on an arbitrar-
y-shaped material surface. However, the parallel
processing with diffractive multiple beams recon-
structed at the Fresnel plane might not work well
for large area surface micro-structuring applications
due to the small diffraction angle allowing only a
small area to be fabricated.

4 Methods to Remove Zero Order Beam

Since the diffractive efficiency » (defined as the
percentage of the total energy output divided by the
energy diffracted to the desired orders) cannot
reach 100% with the current commercial SLMs,
there is always part of output energy un-diffracted,
which is called the zero order beam. To generate a
diffractive pattern with over 10 desired multiple
beams. 7is measured at approximately 50 % , mean-
ing that the zero order beam, contains about half of
the output energy and is always much stronger than
any of the desired orders, as shown in Fig. 13.
Therefore, the zero order beam may lead to un-
wanted damage on the sample during processing and
hence should be removed.
4.1 Removal of the Zero Order with a 4 f Opti-

cal System

To physically block the zero order beam at the

Fourier plane of a 4f optical system might be the

—1 orders (ghosts)

S

zero order

+1 orders (desired)

Fig. 13 An ‘LLEC’ pattern with 32 desired diffractive
beams projected on a paper screen. The brighter
spot in the middle, corresponds to the zero order
beam, and is much stronger than any of the de-
sired spots, + 1 orders at the bottom. The upper
weaker spots are the — 1 orders. the undesired
higher orders sometimes called ‘ghosts’. which
are kept below the material ablation threshold and
have no effect on the sample. LLEC stands for
Lairside Laser Engineering Centre, where the la-
boratory of the present research is located

most common and direct method to avoid sample
damage by the focussed zero order beam. This
method is shown in Fig. 14, in which lenses 1 and
2, both having a focal length of f, form a 4f optical
system, i.e., AB = BP = PC = CD = f. The in-
put beam, represented by a complex field, ¢ =
Aexp(ig,) , is modulated by the phase hologram, ¢,
= exp(ig, ), displayed on the SLM. Therefore, af-
ter reflection, the modulated beam. ¢, = ¢ * ¢, =
A, explilg, + @) |, is diffracted with an angle 0 to
the desired position, while the zero order beam, ¢,
= Ajexp(ig,) , is not diffracted, i.e., § = 0, and
hence is separated from the desired orders at the
Fourier plane P through lens 1. Since a small target
is put at Q to only block the zero order beam, the
optical field at A is reconstructed after lens 2 at D,
but without the un-modulated zero order beam. As a
scanning galvanometer with a flat field f~0 lens
- input beam: i =Aexp(ip )
zero order beam: y=A exp(ip,)

modulated beam: y,=A, expli(p,+p,)]

lens 2
Q =
P I 0.~ aperture of the
: galvanometer
L F 7T S
A B C D

Fig.14 Schematic diagram for blocking the zero order

beam at the Fourier plane P of the 4f optical system !’
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working as a focal system is used in the current re-
search to make parallel processing more flexible,
the modulated beam will go through the galvanome-
ter aperture and will be again focussed on the sam-
ple to allow material machining.
4.2 Removal of the Zero Order by Adding a
Fresnel Zone Lens

Alternatively, in the current research, the ze-
ro order beam was also significantly defocused at
the processing plane by adding PFL onto the CGH.
The focal length (f1) of the PFL can be adjusted by
the software developed by Holoeye™" , as shown in
Fig. 15. Only the diffracted beams were converged
(fi1>>0) or diverged (f;<C 0) by the PFL while the
zero order beam was unaffected, hence separating
the focal planes of the diffracted beam from the zero
order beam, as shown in Fig. 16. The following
beam matrix equation describes the propagation of
the diffracted beam from the liquid crystal on silicon
(LCoS) surface (A) to its focal plane (B)

;//< >>§£ izanitght;;e
_ | click to add
- >l'ens phase
N\ ./e

Fig. 15 Interface of the software developed by Holo-

[41 which can easily superimpose and adjust

the phase of the PFLM%

eye

lens1(f) lens2 (fz)

Y N i e N
““““““ T Ad
AlY v lens 1: Fresnel zone
: d, Td, lens added on CGH
; lens 2: /-0 lens
A
lens 1 (f) lens 2 (f,) g
Y |1 Y N B B

Fig.16 Schematic showing the method to separate the focal
plane of diffracted beams from the zero order beam.
The added PFL, lens 1, can work as either a positive
lens (upper) or a negative lens (lower) to obtain the
separation, Ad. The beam matrix equation below de-
scribes the propagation of diffracted beam from LCoS

surface (A) to its focal plane (B)"]

M ¥ 36 %
1 0
X 1 d,
( N )z ( ’ )>< 1 X
tgly 0 1 _E 1
1 d X
( ! )>< 1 ><< : ) (22)

where X, and X are the distances of the bheam
from the axis, and tgf , and tgf ; are the gradients
of the beam with respect to the axis at the position
A and B, respectively. Since tgf =0 and X, =0,
the focal plane separation (Ad) can be calculated by
the following equation derived from the beam ma-
trix equation

fifo— fodi
fl + fz - dl B
where d;==200 mm was the distance between LCoS
and /-0 lens, and f,=100 mm was the focal length
of /-0 lens. Thus

Ad:‘dg*fz‘:‘ , (23)

100 f, — 20000
80+ f1

A slightly defocused zero order beam can still

Ad =

—100‘. 24

damage the sample because it contains approximate-
ly 50% of the input pulse energy which was much
stronger than any of the diffracted orders. Accord-
ingly, f, must be adjusted carefully to allow suffi-
cient Ad so that the fluence at the substrate is below
the damage threshold. Figure 17 demonstrates a
CGH calculated by the GL algorithm™*** to gener-
ate eight first order identical beams and its compu-
tational reconstruction, and Fig. 18 shows the mi-
cro-machined results on Ti6Al4V using the CGHs
which were superimposed by PFLs with different f,
to adjust Ad. Figure 18 shows that the defocused
zero order beam still damaged the sample when the
separation was Ad = 1 mm (middle lower picture) ,
while it was totally removed when Ad = 5 mm
(right lower picture) .

NS

AR o

Fig.17 A CGH calculated by the GL algorithm to generate

eight first order identical beams (left) and its
computational reconstruction (right) %]

By superimposing a PFL, the desired diffrac-

tive multiple beams were focused on neither the



12 ] Zheng Kuang e al. Diffractive Multi-beam Ultra-fast Laser Micro-processing Using a Spatial Light Modulator 3101

— o, Ad=0

i

Fig.18 CGHs superimposed by PFLs with different f; to
adjust Ad Cupper) and the machined results on
Ti6Al4V (lower)

Ad

Ad=5 mm

Fourier plane nor the Fresnel plane and according to
section 2.2, the CGH hence became the third type,
the combination of the Fourier and Fresnel plane
holograms.
5 Diffractive Multi-beam Ultra-fast La-

ser Surface Structuring
5.1 Experimental Setup

Figure 19 shows the schematic of the experi-
mental setup with the 4f optical system, where a
Clark-MXR CPA2010 laser system was employed,
generating ultra-short laser pulses, at a pulse dura-
tion of 180 fs, a wavelength of 775 nm, and a repe-
tition rate of 1 kHz which were attenuated by a half
wave-plate and a Glan laser polarizer. After reflec-
tion on mirrors 1 and 2, the laser illuminated a re-
flective SLM LCoS device with 1024 X 768 pixels
(Holoeye LC-2500), oriented at <C 10° angle of in-
cidence. A beam expanding telescope, with magni-
fication of M~2, was used to reduce the average in-
tensity on the SLM, where the CGHs were displayed.
The input optical beam was represented by a complex
tield, ¢» = Aexp(ig,), and the SLM displayed a phase
hologram, ¢ = exp(ig;,). Accordingly, after reflec-
ting on the SLM (at A in Fig.19). the beam was
modulated to be ¢ = ¢y + ¢ = A, exp[ile, + @) .
Lenses 1 and 2 were two BK7 plano-convex lenses
with anti-reflection coating. Referring to Fig. 19,
since distance AB = BP = PM + MC = CN + ND= f
(~300 mm) , a 4 f optical system with unity magni-
fication was formed. Accordingly, at D, the com-
plex field was identical with that at A. The zero or-
der reflected beam was spatially separated and
blocked at Q. Just after D, the modulated beam,
%, » entered the 10-mm aperture of a scanning gal-
vanometer system with a flat field lens (f = 100

mm). The proximity of the beam, u,, (at D) to
the input aperture of the galvanometer ensured that
diffracted beams where transmitted cleanly to the
substrate surface, while the flat field of the /-0 lens
produced a near perfect focusing system. Substrates
were mounted on a precision 4-axis (&, ¥y, 2, u)
motion control system (Aerotech), allowing accu-
rate positioning of the substrate surface at the laser
focus.

autocorrelator

BS: beam splitter clark—-MXR}
PO: pick off BS TR 19 CPA-2010
N | PO « L] 775nm
shutter =
H math 160 fs
A/2 plate T i
polarizer [1
2x beam |:
M2 | expander |:
""" M1

Fig.19 Schematic of the experimental setup for the

Clark-MXR CPA2010 laser with a 4f optical system
5.2 Static CGH Multi-beam Micro-processing
5.2.1 Precision Micro-drilling Using Diffractive
pJ-level E;, Multiple Beams

Figure 20 shows optical micro-graphs of the
surface structuring on silicon with an ‘LLEC’ pat-
tern comprising 32 blind holes while Fig. 21 demon-
strates a random spot pattern comprising 30 holes.
Each hole pattern was micro-machined simultane-
ously on a silicon wafer by applying the calculated
CGHs to create the desired geometries. The GL al-

13447 which is simple and computationally

gorithm
fast, was used to calculate CGHs producing multiple
independent diffractive + 1 order beams for pro-
cessing. The incident pulse energy on the SLM was
Ep ~ 300 pJ. All diffractive spots had similar di-
mensions, indicating accurate calculation of the
CGH. The large hole above the main pattern of the
holes was generated by the zero order beam. The
total input pulse energy was ~ 300 pJ, measured
before the aperture of the scanning galvanometer.

The energy diffracted into each of the desired

Fig.20 ‘LLEC’ pattern comprising 32 micro-sized holes"!



3102 G 5|

% ot 36 %

beams was ~ 5 pJ.

Fig.21 Random spots pattern comprising 30 micro-sized
[40]

holes

The measured hole size versus distance from

the zero order hole in both ‘LLEC’ and random
spots patterns is shown in Fig.22. The uniformity
of the diffracted beams is shown by the measure-
ments of the ablated spot diameters using a Wyko
NT1100 optical surface profiler; @, = 20.3 4+ 1.2
pm (*LLEC’ pattern) and ¢, = 21.7 £ 1.1 ym
(random spots pattern). To avoid large variations
in the required intensity distributions between
spots. it is advantageous to avoid patterns with a

high degree of symmetry®l.

450

A A

gog fata ‘Al o
= 35 ﬁ“—‘ﬁ—'—.—
5_300 4 e T
Y " =wily '
& 250 e
% 200
S 150
= 100 Arandom spots pattern comprising 30 holes

50 ® LLEC pattern comprising 32 holes

0 0 200 400 600 800 1000 120014001600
Distance away from the zeroth order /um

Fig.22 Hole size versus the distance from each diffracted
spot to the zero order hole in both ‘LLEC’ and

[40]

random spots patterns

-»—1 order
-» 0 order

->+1 order

0 order
(blocked by the target) @
A

Fig.23 Demonstration of the enhancement of the + 1 dif-

fracted orders (LLEC pattern) combined with
blocking the zero order beam using a small metal-
lic target. The image shows intensity distribution
on a paper screen taken with a digital cameral*"

The un-diffracted zero order beam containing
approximately 50% of the input pulse energy was
blocked by a metallic target at position Q (Fig.14).
Referring to Fig. 23, digital camera images show
the holographically produced energy distribution of
the ‘LLEC’ pattern on a paper screen near the Fou-
rier plane. The + 1 order beams contain the majori-
ty of the diffractive energy because the CGH was
designed to enhance them, while — 1 order beams
with much lower energy (<material's ablation
threshold) leave the substrate unaffected. The bot-
tom two pictures of Fig. 24 demonstrate the absence
of large holes, showing that the zero order beam
was successfully removed.

Fig.24 Zero order beam removed when micro-structuring

a silicon substrate with the ‘LLEC’ and random
[41]

spots patterns
5.2.2 Distortion of Beam Shape Caused by Finite
Spectral Bandwidth
5.2.2.1 Observation of Distorted Beam Shape
A significant increase in eccentricity of hole
shape was observed when applying a larger diffrac-
tion angle, which was probably due to the lateral
chromatic aberration caused by the finite bandwidth
(AXN) of the laser source. If the input beam has a
single wavelength, it will keep the initial round
shape after the diffraction, as shown in Fig.25(a).
However, the laser beam, generated by Clark-MXR
CPA2010 laser system, had a broad bandwidth,
AX =~ 5 nm. Since the diffraction angle is propor-
tional to the input wavelength, the components
with longer wavelength will have a large diffraction
angle, while the short wavelength components will
be diffracted at a shorter angle, hence elongating
the beam shape after the diffraction, as shown in
Fig.25(h).
To further investigate this phenomenon, the
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desired +1
diffractive beam

‘ 0-th order beam

. input beam
single wavelength,

A=T75+5 nm

AA—0
= desired +1
PR diffractive beam

AT

. 0-th order beam

. input beam

A=775+5nm
- single wavelength,
SLM A—0

Fig.25 Schematics showing that (a) the desired + 1 dif-
fractive beam keeps the around shape when the
input beam has a single wavelength, i.e., AX—>0
and (b) the shape of desired + 1 diffractive beam
is elongated when the input beam has a broad

bandwidth, AX & 5 nm

holes were fabricated on silicon by the + 1 order
beams with varying diffraction angle. The results in
Fig. 26 demonstrate that the eccentricity of the
beam shape rises by increasing a diffraction angle
and the long axis of the elliptically fabricated struc-
ture is aligned to the direction toward the zero or-
der beam.

Fig. 26 Holes fabricated on a silicon sample by the + 1 or-

der beams with varying the diffraction angles.

The larger hole on the left end was machined by

the zero order, and all the other holes were gen-

erated by + 1 orders with 0.057° diffraction angle
increment from left to right*!’

5.2.2.2
Shape

Prediction of the Eccentricity of Beam

The bandwidth limitation, mentioned above, is
a characteristic of all diffractive optics when used
with a broadband source (in this case, AA ~ 5 nm).
Based on the grating equation, A(sin §,, +sin §,) =

mA , where A is the grating period and m is the or-
der of diffraction, the expected variation of eccen-
tricity e versus diffraction angle can be used to pre-
dict the drilled hole shape. Here. the incident angle
@;on the SLM is <C10°, and the + 1 order (m =1)
diffraction angle 0,, is<(2°; hence sin,, ~0,,. The
grating equation can be simplified to: 0,; & sin 0,
= A/A, where A is the grating period. Hence by
differentiating, the following is obtained:

A0y 1 _ M
A/\_A’OrA6+] A
If f is the focal length of the f-0 lens, the elonga-
tion Al caused by AA at the focal plane is then

(25)

Al = f . A‘9+1 = AiA/\v (26)

while the diameter of the focused spot can be calcu-

lated by

4M? A
xD ’

where D is the raw beam (spot) diameter and

27)

2w =

M?~1 is the beam quality factor. Thus, the eccen-
tricity e at a given diffraction angle can be calculat-
ed bye=a/b~~ (Al+ 2w,)/(2w,) s where a and b
are the major and minor semiaxis of the elliptical
hole shape. The graph shown in Fig. 27 indicates
excellent agreement between the experimental and
calculated eccentricity, e, which increases linearly
when varying the diffraction angle.

Distance away from the zero order /(10* um)
2 4 6 8 10 12 1416 18 20

240 ¥
290! imental data /£ i /:/}/
: - calculated data /s | i ~ 4 }'

'g 2.00 //./( !
B} 777777777777 B B > B 1 |
; 1.80 - / |
£1.60 Al | SR S
g e : ! :
S 1.40 f | 1
2 A | 1 |

1.20 - } -1

0 0.20 040 0.60 0.80 1.00 1.20 1.40
Diffractive angle /(°)
Fig.27 Experimental and calculated eccentricity a/b of
machined holes versus diffraction angle showing,
excellent increases

agreement.  Eccentricity

linearly with diffraction angle*!
Stability of Processing Affected by the
Distorted Beam Shape

5.2.2.3

The distorted intensity profile at higher angles
of diffraction also affects ablation. Figure 28 shows
a comparison of measured ablation depth on
Ti6Al4V with diffraction angle and pulse number.
In each case, pulse energy was E, ~ 5 pJ and the



3104 G 5|

# ot 36 &

ablation depth decreased with increasing diffraction
angle due to the growing ellipticity of beam shape.
Accordingly. to ensure precision femto-second pro-
cessing with a 5-nm bandwidth (at A = 775 nm).,
the diffraction angle should be limited to §, <C 0. 5°
where the eccentricity e = a/b < 1. 5.

25 ;
£ a zero order (6=0) 'l
520 = diffractive angle 6~0.4° + :

= diffractive angle 6~1.2°

15 :

5 .

i
g 10 :

E |
5 !

S 5% f
< ‘ !

0 i

0 200 400 600 800 1000 1200
Pulse number

Fig.28 A comparison of ablation depth on Ti6Al4V with
diffraction angle and pulse number, showing that
the ablation depth drops at higher angles due to
increasing distortion of the intensity profilet*"

5.3 Dynamic Diffractive Pattern Micro-process-
ing

While static holograms are useful and can be
combined with the galvanometer system to demon-
strate parallel processing with fixed spot geometry,
processing by real time controlling the CGHs is
demonstrated in this section.

5.3.1 Response Time of SLM

When addressing a series of CGHs in real time,
the refresh rate (i.e., the number of CGHs dis-
played per second) is significantly restricted by the
response time, which is a period of time required to
fade out the previous CGH (fall time) and build up a
new one (rise time). In this section, the response
time of the Holoeye LC-R 2500 is investigated.

In the experiment, two CGHs, calculated by
the GL algorithm, capable of generating three de-
sired diffractive beams individually, were alternate-
ly displayed on the SLM at a 10-Hz refresh rate,
whilst the laser was scanned in a straight line at a
speed of 50 mm/s on a polished silicon sample by
the scanning galvanometer. Fig.29 shows an optical
micrograph of the machined pattern on the silicon
sample, where CGH1 was fading out and CGHZ was
building up during the scanning. Due to the quick
scanning speed, partially or completely separated
single-pulse-machined craters (holes) were pro-
duced on the surface of the sample. Since the pulse
repetition rate was 1 kHz, the period of time be-
tween two adjacent holes was 1 ms. On the left
hand side of Fig. 29, towards the scanning direc-

tion, the size of the holes machined by the diffrac-
tive order beams decreases, while, contrarily, the
zero order machined holes increase in size. This in-
dicates the fading out of the CGH1, where the dif-
fracted pulsed energy was gradually transferred
back to the zero order beam. Similarly, the in-
crease of the diffractive beam hole size and the de-
crease of the zero order beam hole size on the right
hand side Fig. 29 represent the time period when
CGH2 was gradually building up and the pulse ener-

gy was re-diffracted to the desired multiple beams.
scan the pulse laser at the speed of 50 mm/s

holes machined by

desired diffractive
beams of CGH2

desired diffractive

holes machined by
beams of CGH1
holes machined «—
by 0-th order
beam

—> holes machined
by 0-th order
beam

>

B
CGH2 100 pm

real time play the CGH by 10 Hz refresh rate

Fig.29 Optical micrograph of the machined pattern on a
silicon wafer, where CGH1 was fading out and
CGH2 was building up during the scanning. The
number of zero order beam machined holes be-
tween A and B was 27, and the period of time be-
tween two adjacent holes was 1 ms; hence the re-

spose time was estimated at ~27 ms

As shown in Fig. 29, by counting the number
of order machined craters from A with CGH1 start-
ing to fade out, to B, with CGH2 built up complete-
ly, the response time was estimated at ~ 27 ms
(fall time ~17 ms, rise time ~10 ms), which mat-
ches reasonably the value given by the manual of
the Holoeye LC-R 2500, 28 ms (fall time ~18 ms,
rise time ~10 ms), shown in Fig.30. Accordingly,
restricted by the response time, the maximum CGH
playing rate should be less than 50 Hz. However, if

180 Rise and fall times

170
2160 ]
g 150
£140
% 130
& 120

110 M/ ’

100

95 115 135 155 175
Time /ms

Fig.30 Rise and fall times of SLM (LC-R 2500) given
by Holoeye ™
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there is a little change in the position of the desired
diffractive beams when building up the successive
CGH, 50-Hz rate of CGH playing also allows per-
fectly good machining results in parallel processing.
5.3.2 Micro-processing by Real time Playing
CGHs

Figure 31 shows a pattern comprising 121 holes
completed by real time playing of 15 stored CGHs at
20-Hz refresh rate, and Fig. 32 demonstrates the
formation of the pattern, which was completed
within 0. 75 s. The incident pulse energy on the
SLM was Ep ~ 300 pJ.

H3 H4 H6 H8 H11 H12 H14 H15
(15 ms)|(15 ms)| (15 ms) M (15 ms) (15 ms)((15 ms); (15 ms)|(15 ms)
H9

(15 ms)

H13
1 H2 H5 H7 H10
”"‘*’

500 pm

Fig.31 Pattern completed by real time playing 15 series
of CGHs at 20-Hz refresh rate (50 ms duration per CGH)™

M

200 ms (1%~4" CGH) 400" ms (1%~8" CGH)

600" ms (1*~12" CGH) 750" ms (15~15" CGH)

Fig.32 The formation of the pattern™

Combining real time control of the CGHs with
scanning , diffractive multi-beam processing has sig-
nificant potential to produce complex surface micro-
machining patterns. Figure 33 illustrates this on a
polished Ti6Al4V substrate where six micro-chan-
nels a~f were generated by applying the appropri-
ate CGHs at 50-Hz refresh rate while simultaneously
scanning the diffracted spots at a speed of 1mm/s.
The resulting micro-channels a~f, were ~ 40-pm
wide and ~ 10-um deep. The large channel above,
was machined by the zero order beam.

Fig.33 Micro-channels obtained by combining CGH real

time control with galvanometer scanning™**.
(a) whole pattern view (5 X objective); six
channels a ~ f were generated by the diffractive
beams while the wider channel 0 above was
formed by zero order beam; (b) 3D zoom view by
Wyko NT1100 optical surface profiler, where
~10 pm depth (10 times over scan) micro-

channels are illustrated

5.3.3 Synchronizing the Action of Hologram
Application with Scanning Techniques
By synchronisation of real time playing holograms
with scanning., 2D surface micro-structuring on
Ti6AI4V was demonstrated. A pattern ‘OPTICS’ (in
Chinese and English) comprising 129 holes pro-
cessed on a Ti6Al4V substrate using 7 CGHs com-
bined with the galvanometer scanner is shown in
Fig. 34, while Fig. 35 shows the pattern with zero or-
der removed. Incident pulse energy on the SLM E, is
~150 J, the measured hole diameter @ ~ 25 ym, and

depth ~2.3 pm corresponding to an exposure time

Fig.34 “OPTICS’ pattern with zero order holes. comple-

ted by 7 CGHs applied at appropriate positions

using the galvanometer scanner-*"
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of 200 ms (i.e., 200 pulses), with pulse energy
E,~5 uJ in each + 1 diffracted order beam. As
each CGH generated more than 15 higher order

holes simultaneously, a throughput gain factor
G >15 was demonstrated compared to single beam
processing in this case.

K 33
1,00

0.50
0.00
-0.50
-1.00
-1.50

-2.00
-2.36

K 1 24
0.50

0.00
-0.50
-1.00
-1.50
-2.00
-2.50

-3.25

Fig.35 “OPTICS’ pattern with zero order holes eliminated (The insert 3D pictures were measured using Wyko NT1100

optical surface profiler, illustrating the depth of the holes)™!”

As samples chosen for this research, both sili-
con wafer, a significant semiconductor widely used
in the fabrication of integrated circuit and other mi-
cro devices, and Ti6Al4V, a metallic alloy exten-
sively used in aerospace and bioscience, have a rel-
atively low threshold for femto-second pulse in-
duced ablation. Thus, when using single beam to
machine, extensive attenuation may required to
provide low pulse energy, i. e., just above the
threshold, hence resulting in low processing effi-
ciency. Here, the above results from parallel pro-
cessing demonstrated great advantages in term of
increasing both processing throughput and efficien-
cy.

5.4  Diffractive Multi-beam Surface Micro-
processing Using 10-ps Laser Pulse

A pico-second laser system (High-Q IC-355-800 nm)
with much narrower spectral bandwidth (r= 10 ps,
AX = 0.1 nm) was employed for diffractive multi-
beam processing. Compact solid-state pico-second
laser systems (r <Z 15 ps) with high pulse energy,
high average power and high repetition rate, have
advantages over femto-second systems for high pre-

[7,8]

cision micro-machining . The experimental set-

up was similar to that shown in Fig.19. Dielectric
coated SLM, Hamamatsu X10468, was used. Table
1 shows the specifications of the X10468 in compar-
ison with that of Holoeye LC-R2500. It is worth no-
ting that the X10468 has a dielectric mirror, which
provides 95% light utilization efficiency, but can
only work within a specified wavelength range. By
comparison, the LC-R2500 is equipped with a me-
tallic coated mirror that offers lower light utilization
efficiency ~75% , but covers a wider wavelength
range from visible to near-infrared (NIR). Apply-
ing a voltage to the X10468, which is a parallel-a-
ligned nematic crystal device, results in the LC
molecules aligning horizontally along the optical ax-
is, hence causing a phase change to the light polar-
ized along the molecular axis, but leaving the light
polarized perpendicular to the molecular axis com-
pletely unaffected. Compared with the parallel a-
ligned nematic crystal device, the LC-R2500 has a
45° twisted nematic LC layer in which the LC mole-
cules are arranged in a twisted array from the front
to the back. This kind of device can not only modu-
late the phase of light, but also rotate the plane of
polarization.
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Table 1 Specifications of the SLMs*- 4

Model Hamamatsu X10468-04 Holoeye LC-R2500
LC Type Parallel-aligned nematic 45° twisted nematic
Mode Phase only Phase & Amplitude
Resolution (pixels) SVGA(800 % 600) XGA(1024 X 768)
Pixel Pitch (pm) 20 19
Effective area (mm?) 16 x 12 19.5x14.6
Mirror coating Dielectric Broadband metallic
Readout wavelength (nm) 510 + 50 400~1064
Reflectivity 95 % ~75% "
Fill Factor 95% 93 %
Response Time" * (rise/fall ms) 15/30 10/18
Frame Rate (Hz) 60 72

% The actual reflectivity depends on readout light wavelength.

* % Time required to change from 10 % to 90 % for 2x modulation.

zero order

100 pm

200 pm

0 5 10 15 20 25 30 35 40 45 50 55 60

Fig.36 (a) A series of holes drilled on a silicon sample when varying the diffraction angle; (b) The 2D (left) and 3D (right)

micrographs with large magnification, showing the shape of the hole, fabricated by single 10-ps pulse, when applying

large diffraction angle, §>1°1*

5.4.1 Spectral Bandwidth Effect on Diffrac-
ted Beam Shape

Figure 36 (a) demonstrates a series of holes
drilled on a silicon sample using 10-ps (A, &= 1064
nm, AX = 0.1 nm) pulses with varying diffraction
angle, while, in Fig.36(b), the 2D (left) and 3D
(right) micrographs with large magnification clear-
ly shows the reasonably round hole shape when ap-
plying a large diffraction angle (0> 1°). The eccen-
tricity e = a/b of these drilled hole shapes as a
function of diffraction angle is plotted in Fig. 37,
and shows that e increases only very modestly, e<C
1. 04. Figure 38 shows that there is a negligible
variation of ablation depth (1000 pulses, E,~5 ;J)
with increasing diffraction angle, demonstrating a

high degree of reproducibility of diffractive multi-
beam processing. The above results indicate that
the elongation of diffracted beam shape caused by
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Fig.37 The eccentricity e of hole shape drilled by 10-ps
when varying the diffraction angle!**
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chromatic distortion can be eliminated by employing
pico-second laser pulses (¢ & 10 ps) with narrower
bandwidth, hence allowing constant ablation rate.

25
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Fig.38 Variation of ablation depth using one thousand 10-ps

pulses (E, 2 5 ;1J) when varying the diffraction angle**

5.4.2 High Power Parallel Processing with
High Repetition Rate at f=20 kHz
With the pico-second system (7 = 10 ps) oper-
ating at high repetition rate (f =20 kHz) and maxi-
mum output (P,ene ~2.5 W), parallel processing
was demonstrated, using a 25 diffractive beams pat-
tern, created by a CGH calculated by the 2D GS al-
gorithm. The schematic given in Fig. 39 demon-
strates the design of the beams pattern and the
method of scanning, while the micrographs in
Fig.40 show the micro-machining results on a pol-
ished Ti6AI4V sample. A 10 mm X 10 mm area cov-
ered by ~ 2-pm deep micro-channels with 50-pum in-
tervals and scanned 20 times at the speed of 100
mm/s was completed within 16 s. The width of the
channels (¢ = 25.3 = 0.4 pm) was perfectly uni-
form, indicating the accurate CGH calculation using

the GS algorithm. Diffractive efficiency has been
scanning speed: 100 mm/s

°
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2 °
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Fig. 39 Schematic showing the design of the 25 beams
pattern and the method of scanning (the vertical
distance between two adjacent spots was 100 pm;
by repeatedly scanning the pattern with 50-pm
vertical offset each time, multiple micro-channels

with 50-pm intervals can be obtained) ™!

measured as ~50% , allowing >>1.2 W diffracted
into 25 parallel beams. This has the effect of crea-
ting an “effective” repetition rate of 500 kHz with-
out restrictive scan speed of a galvanometer.

=218
1.50
1.00
0.50

0.00
-0.50
Fig.40 Micro-graph demonstrating the results of micro-

-1.00
-1.50

-2.15

channels covering a (10 mm X 10 mm) area ma-
chined by the 25 beams pattern on polished
Ti6Al4V (upper), and micro-graphs showing the
result with higher magnification (lower left) and
3D surface profile image by Wyko NT1100 optical

surface profiler (lower right) %]

As demonstrated above, the distortion of inten-
sity profile at high diffraction angle is eliminated
due to the narrower spectral bandwidth of the laser
source. The drilled holes can perfectly keep their
round shape (eccentricity: e<(1.04) when applying
large diffraction angle (¢ ~ 1.27°). High power
(2.5 W) parallel processing with 25 diffracted beams
and laser repetition rate applied ( f~20 kHz), demon-
strates industrial level precision laser micro-processing.

6 Diffractive Multi-beam Internal Struc-

turing with Femto-second Laser

Multi-photon induced refractive index (RI)
change An of optical materials has been suggested as
a route to the creation of complex 3D integrated op-

["J, Temporal pulse duration of <C100

tical circuits
fs in the NIR shows clear advantages for generating
highest An in, for example, fused silica and polym-
ethyl methacrylate (PMMA)™!. While for temporal
pulse duration of > 160 fs., where optical break-
down is increasingly more likely, second harmonic
ultraviolet (UV) refractive index modification of
PMMA overcomes this limitation by reducing the
order of non-linear absorption from three to two-
photon"™ . Laser repetition rates from kHz to MHz
have been used for An structuring and this parame-
ter is also important in determining the sign of re-

[72]

fractive index change'™ , while integrated fluence
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exposure still needs to be comparable. For exam-
ple. at 1 kHz, NIR single pulse energy E, <1
nJ/pulse is typically tightly focussed inside an opti-
cal substrate while E,>1 m]J/pulse is generally a-
vailable, a light utilisation factor of <C0.1% . At 1
kHz, Anin PMMA (and fused silica) has been clear-
ly shown to be positive, essential for single mode
waveguides'”' . Phase gratings, optical waveguides.,
and couplers have previously been demonstrated
with single point femto-second processing in a wide

(71771 however the extension

range of materials
to complex 3D optical circuits may be significantly
hampered, particularly as modification depths reach
~10 pm when a high numerical aperture (NA) ob-
jective is used.

A SLM is a remarkable dynamic diffractive op-
tical element able to create a desired optical land-
scape through sophisticated control of the phase of
an incident high intensity laser beam. Here, highly
parallel refractive index structuring inside optical
materials by combining a kHz femto-second laser
system with a SLM and thus generating a myriad of
low fluence diffracted beams through applying CGHs
was demonstrated. Calculations based on the GS al-
gorithms are used to generate the required phase
patterns within a LabVIEW environment™!. Con-
sequently, the time for the fabrication of RI optical
engineering could be reduced from hours to minutes
with a gain factor of G > 10, opening up new pos-
sibilities in optical circuit manufacture.

6.1 Experimental Setup

Figure 41 shows a schematic of the experimen-
tal setup for internal structuring. The output from a
Clark-MXR 2010 femto-second laser system (775 nm,
160 fs, 1 kHz) was passed through a pick off (Auto-
correlator) and 50/50 ultra-fast beam splitter to

turning mirror M1 then attenuated and expanded

main BS: beam splitter
shutter | PO: pick off

clark—-MXR
2010

~1% T attenuator

Fig.41 Schematic of experimental system-'*

onto a Hamamatsu X10468-01 SLM. A 4f optical
system consisting of two plano-convex lenses L1
and L2 (f, = f, =300 mm) re-imaged the surface of
the SLM to the input aperture of a microscope ob-
jective (Nikon, 0.15 NA) allowing the blocking of
the remaining energetic zero order reflection near
the Fourier plane (Q) of lens L1 by using a small
target.

Diffracted beams correspond to higher spatial
frequencies and consequently focus off axis as much
as ~5 mm from the optic axis at plane P. From the
desired intensity distribution at the focal plane of
the objective, the corresponding CGH was calculat-
ed and applied to the SLM and the resulting phase
pattern (8-bit greyscales) observed on a separate
monitor elucidating the phase distribution on the
SLM. The transparent substrates were scanned
transversely, as shown in Fig. 42, to create 2D and
3D structures. Therefore, there can be more than
10 near identical beams in parallel at any one time.

translation

\ direction

@ ®)

Fig.42 Schematics showing transverse geometry for
writing of gratings in (a) 2D single layer and
(b) 3D double layer. The blue arrows denote the
stage translation directiont™
Previous study has demonstrated that the sym-
metry of multiple beams can greatly affect the intensity

distribution across all beams

. Figure 43(a) shows a
common multi-beam pattern with perfect symmetry
for parallel processing. However, the symmetric
multi-beam suffers from low intensity uniformity
even using iterative algorithm like GS (~60% ).
One approach to solve this problem is to introduce a
small amount of random displacement to the multi-
beam pattern, since for most algorithms such as
GS., GL, and the generalized adaptive additive algo-
rithm (GAA), spatial randomization can significant-
ly reduce intensity variation’®). For example, the
random displacement can be applied to the Y direc-
tion, while the separation A in the Z direction is
fixed, as shown in Fig.43(h), in order to optimize
energy distribution across the multi-beam. Another

method is to use the weighted Gerchberg-Saxton
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(GSW) algorithm'™ , which can provide >>90%
uniformity even with a symmetric pattern. Howev-

er, the calculation speed of GSW is slower than that
of GS.

a
(a) 7 X (b)
A A
e # scan A
direction blocked or direction
_ % defocused _ o —
zero order
e [
diffractive (u— @ummmmn
beams e *

Fig.43 Schematics of (a) a symmetric and (b) an asym-
metric multi-beam pattern for parallel processing™™”
6.2 Static Multi-beam Parallel Direct Writing
Parallel RI modification with 12 nearly uniform
beams with a pitch A of 35 yum is shown in the opti-
cal micro-graphs of Fig. 44. Pulse energy E, was
0.6 pJ/beam. Transverse scan speed was 1 mm/s
and each modified region was scanned once only.
Clear RI modification without optical breakdown

was obtained.

Fig.44 12 beams direct writing in a PMMA sample

By recalculating the CGHs to offset the focal
planes of particular spots, simultaneous parallel 3D

Fig.45 10 (5 X% 2) beams 3D direct writing in a PMMA
sample, (a) front view of the top layer, (b) front

view of the bottom layer., and (c¢) cross section of
two layers. The laser beams propagate along the
+ X direction'™!

writing at different depths using 10 (5 X 2) beams
in a double layer was demonstrated, as shown in
Fig. 45. The writing parameters are the same as
that used in Fig.44.
6.3 Dynamic Multi-beam 3D Direct Writing
Dynamic modification of fused silica with 5
beams (0, * 1st, and * 2nd order), which are
generated by a binary grating, is demonstrated in
Fig. 46. The helical structures were produced by
synchronising rotation of 5 beams through real-time
display of 120 pre-calculated CGHs at 20 Hz and 3°
interval with linear motion of the stage towards the
+ X direction at 0.5 mm/s. The laser beams with
pulse energies of 1. 5 nJ/beam propagated along the
+ X axis.

(@)
% X
— @ +2nd

Z

—® +1st

o0
-1st @ =7
-2nd @ —7

Fig.46 Five beams including 0, * Ist, and * 2nd order
dynamic structuring of fused silica. (a) Schematic
diagram with the arrows indicating the rotation
direction of the beams; (b) micro-graph of the

modified region

7 Applications

Since sufficient laser output from commercial
laser sources is currently exceeding single heam
process requirements, parallel processing with mul-
tiple beams could provide an easy route for up-scal-
ing processing speed and suppress manufacturing
costs. The methods described for parallel process-
ing of materials with high speed, dynamic control,
and great flexibility, facilitate applications in the
following areas.
7.1 Silicon Wafer Scribing

Figure 47 depicts the microscopic image of a
silicon sample that was scribed using 15 asymmetric
beams produced by using the X10468-04 SLM at
532-nm wavelength, 10-ps pulselength, and 5-kHz
repetition rate. The 15 beams with total incident
pulse energy of 21 pJ (1.4 pJ/beam), were
scanned orthogonally with two CGHs at 10 mm/s to
produce the cross hatched pattern. The scribe lines
were ~500-nm deep and 14-pm wide with the pitch
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A of 86 pm. No thermal damage to the surrounding
area can be observed.

R

Fig.47 Multi-beam parallel processing of a silicon
[43]

sample

Beam scanning with a different number of
spots per line mimics a variable spot overlap and can
produce variable controlled ablation depth, as pres-
ented in Fig.48. Ten beams were arranged in a 4-3-
2-1 pattern so as to achieve selective ablation with a
single scan at different positions. The small circles
in Fig.48(b) denotes the 10-beam pattern used for sili-
con scribing. The total pulse energy (E,) incident on
the sample was 18 pJ, hence giving E,~1.8 1] to each
of the diffractive beams. Figures 48(b) and (¢) demon-
strate the machining results on a silicon wafer with 532-
nm laser wavelength, 5-kHz repetition rate, and 1-
mm/s scanning speed, where different ablation depths

® 0 oo

di ¢ 7 == @
scan direction o g

@
—m
scan direction ® )
(&)
(€8]

pm @ 3) (2) @

o = g g
-0.50 g = _I g
~1.00 g % = s
-1.50 8 Hi—

-2.00 o &
-250 | |
= 00 e e e

Fig.48 (a) Schematic of selective ablation using a differ-
ent number of spots per line to produce different
ablation depth; (b) micro-graph of 10 beams se-
lective ablation on silicon. The circles represent
the positions of the 10 beams; (c¢) cross-sectional
of surface profile of the 10 beam selective ablation
on silicon. The scribe line 1., 2, 3, and 4 are
consistent with those labelled in (b)!*

were obtained.
7.2 Patterning of Organic Light Emitting Diodes
Materials
Laser patterning of organic light emitting diode
(OLED) is a key industrial process in the manufac-
turing of OLED displays or solid-state lighting
foils'"™ .

for this application as they enable selective ablative

Ultra-fast lasers are of particular interest

removal of OLED layers with very low energy den-
sity requirements on the target. Since laser output
from commercial laser sources is currently excee-
ding single beam process requirements, parallel
processing with multiple beams could provide a no-
vel route for up-scaling processing speed and reduce
manufacturing costs. Hence SLMs could be em-
ployed for high throughput precision patterning of
OLED materials (metal cathode and ITO anode) on
flexible and glass substrates.
7.2.1 Cathode Patterning

Since OLEDs are multi-layer materials, and
each layer has different ablation threshold, (e.g.,
the top cathode layer, aluminium. has lower abla-
tion threshold than the underlying anode layer, ITO
film'™)), it is important to control the laser fluence
so that it is high enough to completely remove alu-
minium, but is lower than the ablation threshold of
the ITO. Multi-beam scribing of an OLED sample u-
sing 15 beams with 532-nm wavelength produced by
the X10468-04 SLM is shown in Fig.49. The laser
pulse energy., repetition rate. and scanning speed
were 12 uJ , 5 kHz, and 30 mm/s, respectively. Only a
single scan was conducted, resulting in multiple scri-
bing lines with the pitch of 86 ym, a line width of ~ 10
pm and the depth of ~300 nm, which is the interface
between the organic layer and the anode.
7.2.2 Anode (ITO) Patterning

Since the absorption of ITO material in the NIR
region is stronger than that in the visible region, a
pico-second laser with a wavelength of 1064 nm was
used for patterning of ITO on glass samples. Figure
50 demonstrates a microscope image and surface
profile of the ITO sample that was ablated using 5
beams generated by a Hamamatsu X10468-03 SLM
with 1064-nm wavelength. The incident pulse ener-
gy on the sample was 16 pJ with 5-kHz repetition
rate, 15-mm/s scanning speed. Only a single scan
was performed. The pitch A was 65 pm. As illus-
trated, the scribing line had a depth of ~60 nm and
a width of 14 ym, and showed a flat bottom area in-
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dicating complete removal of the ITO film. Placing
the spots closer and using lower laser pulse energies
can reduce the pitch and the scribing width, respec-

0.50
0.40
0.30
0.20 -
0.10
30.00
-0.10
-0.20 -
-0.30
-0.40

S —

tively. There was no thermal damage to the sur-
rounding area observed.

(b)

0.3063 um

, : ‘ um
20 40 60 80 100 120

Fig. 49 Parallel processing of an OLED sample using 15 beams. (a) optical micrographs; (b) cross-sectional profile of

a single scribing lineM**
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Fig.50 Parallel processing of ITO thin film sample using 5 beams. (a) optical micrographs; (b) cross-sectional profile of
a single scribe

7.3 Direct Writing of Volume Grating

Using 21 beams, a series of 5 mm X5 mm X 1 mm
gratings with 19-um period were written in PMMA,
as shown in Fig. 51, with each one fabricated in less
than 10 minutes™ . A diffractive pattern with 21
desired diffractive beams, as shown in the Fig. 52,

was used for the parallel processing, hence greatly

0 um

Fig.51 A series of volume gratings written inside a
PMMA slab and a magnified optical micrograph

increasing the fabrication speed. Each of the grat-
ings was completed within 10 minutes. The diffrac-
tion efficiency ~68% at the Bragg angle indicates
that An ~ 1. 64 X 107", according to Kogelnik's cou-
pled wave theory™ . The gain in writing speed has
the effect of multiplying the laser repetition rate by
the gain factor G without the drawbacks of higher
frequencies such as increased thermal accumulation

scanning speed: 1 mm/s

.,
19me
.7,
E | o
2
oR| @
g8
sg| ©
g .
— L] L ]
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Fig.52 Schematic showing the diffractive pattern with 21
desired diffractive beams. The volume grating

was fabricated at a scanning speed of 1 mm/s
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effects and the necessity of increased scan speeds of
the substrate, ultimately hitting inertial limits of
motion control stages. By integrating objectives
with 0.15<CNA<C0.5, the route is open to fabricate
a wide range of internal optical components inclu-
ding waveguides, couplers, gratings, and Fresnel
lenses at unprecedented speed.

8 Conclusions and Future Work

In condusion, this paper demonstrates multi-
beam ultra-fast laser parallel micro-processing using
a SLM. The desired diffractive beam patterns are
modulated by CGHs, calculated by appropriate algo-
rithms. The zero order beam, which otherwise
might cause undesired damage, can be either
blocked at the Fourier plane by installing a 4 f opti-
cal system or defocused at the processing plane by
adding a Fresnel zone lens onto the CGH. The sur-
face structuring of semiconductors and metals using
multi-beam patterns synchronised with a scanning
galvanometer system shows flexible and high
throughput parallel processing. By highly focusing
the diffractive beams using an objective into optical
materials, dynamic 2D and 3D internal structuring
has been demonstrated. The results reveals high
precision micro-processing with higher efficiency,
showing the potential of ultra-fast laser parallel pro-
cessing in industrial applications.

Future work will be focussed on testing the
power handling capability of the SLMs, hence ex-
ploring the maximum viable energy diffracted to the
desired multi-beam. which is a significant step of
transferring this parallel processing technique from
laboratory to industry.
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