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the growing demand for miniatur izat ion in 
such areas as electronics, micro-optics, micro
system technologies , and medica l devices 
requires efficient, precise, and flexible micro-

machining tools. 1 Compared to conventional methods 
(e.g., wet and dry etching, L IGA) , lasers offer numerous 
advantages for micromachining purposes. 2 They can be 
used for different processes like cutting, drilling, mater
ial removal, welding, and surface treatment. Addit ion
ally, material deposition in layers from the gaseous and 
l iquid phase can be performed. Nearly all kinds of 
materials can be machined with high resolution and 
flexibility. M i n i m u m mechanical load on the workpiece 
and a non-contact machining process without any tool 
wear are added benefits. 

This article gives a brief overview of the UV-laser/ 
material interaction mechanisms, the lasers systems used 
for micromachining, and typical and new applications. 

Interaction mechanisms of UV-lasers with materials 
Excimer lasers are most widely used for micromachining. 
These emit radiation in the UV-range at wavelengths of 
193, 248, 308, and 351 nm, depending on the gas compo
sition in the resonator. Their typical pulse duration is in 
the range of several tens of nanoseconds. This means 

that the pulse energy is coupled into the material within 
a very short time. Thus, structures in the micrometer 
range can be generated with a minimum thermal influ
ence. Currently, excimer lasers with an average output of 
up to 200 W are available. In laboratory setups, output 
powers of about 1000 W have already been achieved.3 

Compared to other high-power lasers that emit radi
ation in the infrared, excimer lasers aid not only ther
mal (melting and vaporization) and pyrolytic (heat-
affected decomposition of chemical bonds) processes, 
but also photolytic interactions. In machining poly
mers, the high photon energy of excimer laser radiation 
leads to a direct interaction with electrons without exci
tation on the rotational and vibrational level. Thus, 
with excimer lasers, a quasi-non-thermal micromachin
ing of certain polymers is possible. 

The dominant interaction mechanism is mainly 
determined by the type of material bond. The described 
photolytic interaction, i.e., the direct decomposition of 
bonds due to absorption of single or multiple photons, 
is prevalent for covalent bonds (atomic bonds) and par
tially for ionic bonds. Other materials, e.g., ceramics, 
glasses, and metals, tend toward pyrolytic dominated 
processes, i.e., thermally activated interactions, chemi
cal reactions and thermal interactions. 4 
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Figure 1: Excimer laser precision engineering center—ELPECμ. 

Recent developments in semiconductor industries 
and micro-system engineering aim at higher resolution 
to ensure highly integrated products. In this area, in 
addition to excimer lasers, frequency doubled argon-
ion lasers and frequency quadrupled Nd:YAG lasers are 
appropriate beam sources for applications such as abla
t ion, cutting, deposition, and exposure. They ensure 
submicron resolutions and do compete in this field 
with electron and ion beam sources. 

The frequency quadrupled Nd:YAG laser can be used 
both in single-shot mode and in high repetition mode, 
combining the advantages of excimer lasers and fre
quency doubled argon-ion lasers. Using nonlinear crys
tals, the radiation of an Nd:YAG resonator is quadrupled 
to a wavelength of 266 n m . Depending on the laser 
design and the requested energy, the appropriate mater
ial and form of those crystals has to be chosen. In addi
tion, the Gaussian profile of the laser beam should be 
preserved to ensure the best focusing characteristics. 

System requirements for laser micromachining 
In addition to the excimer laser itself, a typical worksta
tion for micromachining consists of a closed processing 
room in which the workpiece handling system is located. 
To provide good accessibility, the components for beam 
guiding and forming (e.g., attenuator, masks) are posi
tioned above or next to the processing room. The same is 
true for the required computerized numerical control 
( C N C ) and, depending on certain applications, for 
peripheral systems. The complete workstation is assem
bled in a stiff frame and is insulated to avoid inaccuracies 
caused by vibrations from surrounding machines. 

Beam guidance 
T h e requirements on beam gu id ing and f o r m i n g 
depend on the application and on the demand for the 
greatest possible user-friendliness. In practice, this 
means that several beam paths with different resolu
tions and beam qualities must be achieved. To avoid 
lengthy set-up and optical alignment times, all func
tions should be electrically control led. Because of 
demands for high resolution and large surface i l lumi
nation, different reproduction scales in optical systems 

are necessary. The resolution of the beam guidance 
system should be 1 μ m for micro-beam guidance and 
10 μ m for macro-beam guidance system. To perform 
special applications in large surface structuring, it is 
economical ly efficient to increase the i l luminat ion 
area and reduce the resolution to 50 μ m . Thus, it is 
possible to have high-removal efficiency with reduced 
resolution. 

For laser beam shaping, variable and fixed mask sys
tems must be available. Variable mask systems, i.e., 
numerically controlled rotating and split masks with 
variable aperture, offer a maximum in flexibility where
as complex structures can be generated with rigidly 
etched or chrome vapor plated masks. 

Workpiece handling 
Requirements include the absolute and relative posi
t ioning precision and the dynamic behavior of the 
tables. Resolutions of at least ±0 .1 μ m and a bi-direc
tional position precision of ±0 .5 μ m are necessary. For 
many applications, the absolute positioning precision is 
of minor importance, but it should not exceed 1 μ m 
under constant atmospheric conditions. Depending on 
the k ind of application, workpiece handling requires 
three to five axes with the described precision. 

The choice of C N C is also of major importance for 
function as well as user-friendliness. Integration of addi
tional cards and functions, e.g., a card for triggering the 
laser, is a must. Synchronization of the laser trigger sig
nal with the axis positioner, allows "on the fly" machin
ing. Separate control and trigger units are not possible 
because variations in signal processing could lead to 
mistakes. For handling extensive numerical control pro
grams, a large random access memory and a bi-direc
tional data transfer with a host computer are very use
ful. Finally, a circuit breaker and digital input and out
put are needed to integrate peripheral systems such as 
energy control, shutter, or process gas flow. 

Currently, there are only a few suppliers of excimer 
laser workstations. The machine from a Belgian supplier 
consists of a 4-axes machining center and a separate con
trol unit. The machining center is built as a device with 
two axes to handle the workpiece, and two for beam 
guidance. The optical system offers the choice of mask 
systems or plug-in prealigned optics. This can be used 
for the projection of integrated patterns or standard 
micro-machin ing . A laser is not integrated into the 
workstation. This gives the user the opportunity to 
choose a laser that best fits the planned application. 5 

A U.S. supplier offers a system that can be used at 
different wavelengths, depending on the type of laser. 
The components for beam guidance are rather com
plex. First, the raw beam is split and modified by cylin
drical lenses. The resulting beam can be restricted with 
an adjustable mask. The magnif icat ion uses a U V -
achromat and a Schwarzschild-objective to reduce aber
ration. This set-up is suitable for using only one wave
length, because the components are anti-reflection-
coated for a certain excimer-wavelength. A different set 
of objectives must be used for each wavelength. The 
workpiece is handled with a numerically controlled 

24 Optics & Photonics News/August 1995 



two-axis device. The focus is adjusted either manually 
or mechanically. The maximum fluence is about 60 
J/cm, and the minimal image resolution is in the range 
of 1 μm (depending on type of laser used).6 

A U.K. system supplier, offers different types of 
micromachining workstations that are specialized for 
certain applications. All systems consist of a beam 
homogenizer, beam profiler, continuously adjustable 
beam attenuator and a beam energy monitor. The 
Series 4000 is designed for laser deposition. The stan
dard features are complemented by a separate vacuum 
chamber with conventional target and substrate holder. 

Micromachining of polymers, metals, or ceramics 
can be done with two different series. Therefore, pro
cessing and handling of the workpiece is integrated in 
the basic machine concept. The workpiece is handled 
with CNC-x-y-z stages. Other components that can be 
added as options are a computer-controlled aperture 
sizing and a variable attenuator. An advanced machine 
offers two types of mask projectors for general purpose 
micro-processing applications. A "macro projection" 
system can be used to produce a field size up to 10 X 10 
mm2 and a resolution down to 10 μm by uniformly 
illuminated, demagnified images. The assembly for 
micro-machining is built with a Schwarzschild objec
tive similar to the U.S. system.7 

To perform different applications in a flexible and effi
cient way, LZH has developed and built its own worksta
tion prototype called Exci
mer Laser Precision Engin
eering Center (ELPECμ), 
shown in Figure 1. Some of 
its main features are: 

use of the most modern 
control technique; 
flexible masks for beam 
forming; 
variable system for beam 
forming with high resolu
tion; 
electrically powered 
choice of beam path; 
process monitoring; 
beam analysis; 
process gas handling; 
safety measures; 
laser control; and 
user-friendly software. 

Major components are the 
eight-axis CNC, the flexible 
mask for beam forming, the 
variable beam guidance sys
tem, the control of the 
excimer laser, and the user 
software. The workpiece han
dling consists of three linear 
axes (X, Y, and Z) and a rota
tional axis (U). The linear 
axes have an absolute accura
cy of + 1 μm for a 100 mm 
path. The activation of the 

laser trigger card is effected by the position counter of the 
axes. The definition of the dependence between the move
ment of the axis and the trigger signals to be generated is 
determined in the part-program. A dual bus system per
forms data transfer between CNC and host PC. 
Advantages are accelerated communication and increased 
data security. Furthermore, problems with memory, which 
often occur with CNCs because of a limited static RAM, 
are avoided mainly due to larger memory in the PC.8 

Another important point in micromachining with 
excimer lasers is the formation of redepositions of the 
removed material around the machined area. 

Glossary 
Absolute positioning: Positioning with reference to the machine coordinate system. 

LIGA: Abbreviation for lithography, electroforming. and molding. Developed at 
Research Center Karlsruhe (FZK), Germany, and is based on the photo-chemical 
development of a polymer that has previously been exposed with extreme parallel x-
ray (synchrotron radiation). 

Photolytic interaction: Direct decomposition of atomic bonds due to absorption of 
high energy photons. Appears mainly during irradiation of polymers with excimer 
laser light. 

Precision injection molding: Special injection Holding process for the fabrication 
of polymer microparts. 

Triggering: As described in this article, providing signal output to start a laser pulse. 
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Figure 2: Precipitation zones for radial and circular p r o c e s s g a s supply. 

Figure 3: Cutting of ceramic micro-impeller wheels . 

Figure 4: Preforming of m ic ro lenses . 

Investigations have shown that the removal rate and the 
generation of redeposition depends on the surrounding 
gas and on the gas flow and pressure. According to plasma 
formations during machining, the removal products are 
distributed not only vertically to the surface, but also radi
ally. The radial distribution in the plasma leads to precipi
tation on the workpiece surface, whereas vertical distribu
tion removes the ablation products. Correspondingly, the 
gas flow in the nozzle must suppress radial plasma distrib
ution and support the vertical distribution. Based on this, 
a process gas nozzle was designed at LZH to generate a 
defined gas atmosphere in the processing area, to remove 
the ablation products using the exhaust flow, and to make 
sub-atmospheric pressures possible.9 

The construction principle is based on the exhaust 
of the ablation products coaxially to the laser beam and 
a radial gas supply. To prove its effect, Figure 2 shows 
the precipitation zone without processing gas supply 
and with radial and circular processing gas supply. The 
surfaces of the samples were sputtered with gold, to 
show a better contrast. Removal without a gas supply 
showed distinct precipitation, part of which has flaked 
off due to limited adhesion on the gold layer. A radial 
gas supply shows a smaller area of flaked precipitation, 
probably due to the gas forces. The color of the area 
where the flakes have fallen off shows when the flaking 
took place during processing. Lighter areas were first 
exposed during the last pulse, whereas darker areas 
flaked off earlier. During circular gas supply, there is no 
black precipitation on the sample. The gold layer has 
flaked off near the removal zone and implies, corre
sponding to the tips of the areas that are free of gold, 
that the gas circulated in a counter-clockwise direction. 

Applications 
The applications described in this section were mainly 
carried out using the described ELPECμ. It allows the 
single-step production of complex microstructures 
with convex or concave shaped surface in different 
materials. For example, micromechanical components 
can be cut from ceramics in a very precise way. The 
geometries can be adapted during cutting using flexi
ble beam guidance. Figure 3 shows two impeller 
wheels made of aluminum nitride, with diameters of 
250 μm and 100 μm on the left and right, respectively. 
These have been cut from 70 μm and 30 μm thick 
plates, respectively. To achieve these fine structures, 
the laser beam was shaped to an area of 15 X 15 μm 2 

and 7 X 7 μm 2 . Thus, crack-free workpieces with 
ultra-thin connector bars can be produced.9 

Another promising application is preforming of micro-
optics. Fields such as telecommunications and medicine 
exhibit a growing demand for small optical components. 
Micro-lenses made from polymers are mass produced 
using precision injection molding. For applications 
requiring high chemical and thermal resistance com
bined with high strength, glass must be chosen as the 
substrate. For this material, excimer laser machining is 
the preferred machining method because it produces the 
required geometry. Figure 4 shows a micro-lens array 
fabricated by excimer laser radiation.10 

26 Optics & Photonics News/August 1995 



Comparison of the required and actual geometry 
shows that the deviations are less than 1%. Initial tests 
to treat light-conducting fibers also show promising 
results. After excimer laser machining, the produced 
structure can be smoothed by a special process. 
Depending on the material used (glass, silicium, zinc-
selenide), an extremely low roughness of Rz (peak to 
valley) <100 nm is obtainable. With this level of 
smoothness, the structure can be used for optical appli
cations. The processing. time for such a micro-lens 
array is about 18 min. This removal geometry is an 
impressive example for the flexibility of the system to 
produce complex 3D-microstructures 

One field of application for frequency quadrupled 
Nd:YAG lasers can be found in modern mask-making 
for highly integrated circuits such as the 64 Mbit chip, 
which possesses structure sizes of 0.35 μm. Photolitho
graphy masks form the basis for chip production. They 
consist of a quartz substrate in sizes of 4-6 in. with a 
100-nm thick chromium coating that acts as an absorp
tion layer during exposure in wafer steppers. 

Because it is nearly impossible to produce defect-free 
masks for these types of applications, there is a viable need 
for an appropriate repair tool. The above mentioned laser 
offers the opportunity to repair either opaque defects 
(excessive material) or clear defects (losing material). In 
single shot mode, opaque defects can be removed down to 
sub-quartermicron sizes. In Figure 5, this effect is shown at 
a sample layout with line width of 0.9 μm. In addition, 
using the high repetition mode, chromium can be 
deposited by laser-chemical vapor depostition (L-CVD). 

Outlook 
Micromachining with excimer and frequency quadrupled 
Nd:YAG lasers offers a great potential in different kinds of 
industry. Major fields of application are the manufactur
ing of complex 3-D microstructures made of polymers, 
ceramics, and glasses for prototyping and in single 
piece/small series production. However, improvements 
have to be made in process efficiency, removal of debris 
from the machined area, machine tool components and 
layout, machining strategies including part-program
ming, and in understanding the interaction process. 
Research and development work worldwide suggests that 
these hurdles will be overcome within the next decade. 

Currently, basic research is being carried out using 
ultrashort laser pulses with high intensities in the fem
tosecond range. Here, new interaction mechanisms like 
multi-photon absorption and fast electrons are expect
ed. However, before using them in production lines, 
numerous problems must be solved. 
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