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Abstract 

A XeCI excimer laser (2=308nm)  was used for 
investigating the possibilities of micromachining 
ceramic materials. The influence o[ the optical setup 
and laser parameters on the processing quality has 
been determindd, as well as the behaviour o[" various 
ceramic materials during the machining process. The 
machining results and the structure quali O, are 
~h'wussed concerning the shape of the holes, break-outs 
in the structure and the homogeneity o/the hole depth 
and size. Optical microscopy and SEM investigations 
sert'ed as the main tools .[or the characteri:ation. 
Strategies .liar large area micromachining were 
investigated to achieve a very large number of high 
quality microstructures. 

On a utilisk un laser excimer XeCI (2 = 308 nm ) pour 
~;tudier les possibilitOs de microstrueturer les 
mat~riaux c~;ramiques. On a &;terminO I'in.fluence de 
la construction optique et des paramktres du laser sur 
la qualitO du proe~;dk, ainsi que le comportement des 
d(ffErentes cOramiques durant le prockdO de fabric- 
ation. Les r~;sultats de fabrication et la qualitk de la 
structure sont discutOs en rapport avec la forme des 
trous, les Oruptions dans la structure et l'homogknkitk 
de la proJondeur et de la taille des trous. Les 
observations par microscopie optique et MEB sont les 
outils principaux utilisks pour la caractkrisation. On a 
btudi~; des stratbgies pour travailler de grandes 
smfaces dans le but d'obtenir un trks grand hombre de 
microstrueture de trOs bonne qualitO. 

Ein XeCI-Excinmrlaser ( )~ = 308 nm ) wurde zur 
Mikrostrukturierung keramischer Werksto.ffe ein- 
gesetzt. Schwerpunkte der Untersuchungen waren der 
Ein.flUfl des optischen Aujhaus und der verschiedenen 
Laserparameter au[" die Bearbeitungsquafitdt und 
die durch den Bearbeitungsprozefl verursachten 
Werkstoffverdnderungen verschiedener keramischer 
Materialien. Die Form der durch Abtragung erzeug- 
ten Strukturen, Ausbruehserscheinungen sowie die 
Homogenitdt der Lochtiefen und -gr6flen dienen zur 
Beschreibung der Bearbeitungsergebnisse. Licht- 
mikroskopie und REM- Untersuchungen wurden fiir 
die Prohencharakterisierung herangezogen. Strate- 
glen zur groflflgichigen Bearbeitung wurden mit der 
Zielsetzung entwickelt, eine sehr grofle Anzahl yon 
Mikrostrukturen mit hoher Bearbeitungsqualitdt zu 
erzeugen. 

* Present address: Alfred University, New York State College of 
Ceramics, Alfred, NY 14802, USA. 
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1 Introduction 

Applications in the medical field brought  up the 
necessity for a high-resolution radiation detector 
based on a ceramic radiation-sensitive material, e.g. 
an alkaline earth halogenide. The mechanism of  the 
readout  process in the detector required a partition 
of  the surface in very small single cells to obtain the 
desired high spatial resolution. 

Two strategies were investigated in the experi- 
ments to achieve this objective: 

- - A  massive sample of  the sensitive material is 
carved into small trenches with a depth of  
300/~m and width of  10-20~m. The resulting 
cells will be 50 x 50/~m 2 in cross-section. This 
strategy is called positive structuring. 

- - B l i n d  holes with a cross-section of  50 × 50 #m z 
and a depth of  300 #m have to be machined out  
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of a ceramic. The remaining partition walls 
between the holes should not exceed 20pm in 
thickness. This method is called negative 
structuring. The machined ceramic will serve as 
a substrate for the radiation-sensitive material. 

Due to the small dimensions and the unusually high 
aspect ratio of the requested structures, laser 
machining was chosen as a good possibility to 
handle the problem. The low thermal effects in most 
materials induced by the excimer laser radiation 
compared to CO 2 laser or N d : Y A G  laser radiationl 
were promising for the experiments. 

2 Experimental Setup 

The XeC1 excimer laser (2 = 308 nm) is characterized 
by a high pulse energy of 2 J, a pulse duration of 
50ns, a maximum pulse frequency of 20Hz and 
a large homogeneous beam cross-section of 
45 x 55mm 2. For large area machining, a high- 
resolution x-y-linear stage as a target positioning 
system is adapted. 2 

The setup uses a mask projection technique which 
offers advantages compared to contact mask techni- 
ques. The ,main advantage of the scale-down 
principle of the projection is that it allows high 
precision structures in the /tm region which are 
impossible to obtain with contact masks. 

For the negative structuring method etched 
stainless steel masks (thickness 0.2 mm) in various 
geometries were used. The positive structuring was 
performed with fused silica substrates plated with a 
structured chromium coating. 

The selection of substrate materials to be ma- 
chined covered the whole spectrum in the ceramic 
field: oxides, nonoxides, ceramics with high and low 
thermal conductivity and thermal expansion coeffi- 
cient. For the desired application, the adaption of 
the ceramic substrate to the radiation-sensitive 
material also set restrictions. 

The following ceramics were investigated: 

Oxides: A120 3 R 708 and R 710, AlzTiOs, 
ferr i te ,  Z r O  2 (Mg-stabilized). 

Nonoxides: SiC, SiC (+TiB2), SiSiC, Si3N 4 
(various modifications), graphite. 

The optical setup and the laser parameters were 
varied to get a deeper understanding of  the 
machining process of these materials. 

The investigations concerning the optical setup 
should give information about the influence of 
adjustment of the lenses and the tolerances that can 
be allowed, while still receiving a suitable microma- 
chining result. That covers homogeneous hole 
depths across the whole area, optimized structure 
quality and the obtainable minimum structure size. 

The imaging lens was systematically maladjusted 
perpendicular to the optical axis to deliver that 
information. Another point of interest was the 
influence of the mask geometry on ablation para- 
meters like ablation rate and the inclination angle of 
the structure walls. For these experiments a rebuilt 
single lens reflex camera lens aperture served as a 
variable mask. For very small structures below 
100pm in diameter, etched masks were used. The 
investigations covering the optical setup and mask 
geometry were carried out using AI20 3 R 708 as a 
target material. 

Laser parameters to be varied are pulse frequency, 
pulse number and energy density at the target. The 
energy density was changed through variations of 
the optical setup and, as a result, the imaging scale. 

Optical microscopy and SEM studies provided 
information concerning the quality of the structures. 
Profilometry was used to analyse the depth and 
geometry of the samples. X-Ray fluorescence 
analysis measurements were carried out to investi- 
gate possible changes in the surface composition of 
the material. Measurements of the thermal diffusiv- 
ity were made to find a correlation between material 
properties and ablation parameters. The plasma 
plume was photographed with a standard single lens 
reflex camera. The change in shape and colour for 
various depths was documented. 

3 Results 

3.1 Optical setup and mask geometry 
The adjustment of the optical setup plays an 
important role for high quality structuring. 
Maladjustment of the imaging lens perpendicular to 
the optical axis leads to variations in hole depth. The 
bot tom of a 1 x 1 mm 2 square hole is then tilted 
depending on the direction and magnitude of 
maladjustment. Satisfactory machining results can 
be obtained when the adjustment perpendicular to 
the optical axis is performed within +0.5ram. 
Inhomogeneous hole depths and distorted images of 
the mask are observed for larger maladjustments. 

Maladjustment parallel to the optical axis obvi- 
ously leads to a defocused image and in consequence 
to nonuniform processing. 3 According to the desired 
minimum structure size, focusing with an accuracy 
of 100 pm is necessary. All experiments were carried 
out with the imaging plane set on the target surface. 
The effect of the interacting surface moving out of 
the ideal adjustment during the machining process 
due to ablation was not addressed in this work. 

The mask geometry affects important  ablation 
parameters such as the ablation rate. 4'5 Smaller sizes 
of the machined area result in an increased ablation 
rate, as shown in Fig. 1 for A120 3 R 708. Figure 2 
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Fig. I. Increase of  ablation rates with decreasing structure size, 
AI20 3 R708, H~ = 10J./cm 2. [~, .1~,= 1 Hz; I1, f p =  20Hz. 

shows the influence of the energy density on the 
ablation rate for SiC and Si3N 4. A similar effect was 
observed for all materials, but at a structure size of  
25 x 75 itm 2, the maximum ablation rate seems to be 
reached. Materials with an extraordinary high 
ablation rate, e.g. graphite, showed a decrease of  the 
ablation rate for structure sizes smaller than 
25 x 75/tin 2. The plasma expansion behaviour is one 
main reason for the, increase of  the ablation rate. The 
plasma plume expands in a three-dimensional way 
for large structures (e.g. 1 x 1 ram2). On the other 
hand, an oriented jet-like plasma expansion can be 
observed for small structures. This more effective 
orientated plasma expansion, in combination with 
an increased mechanical impulse, may lead to higher 
ablation rates. For very small hole sizes and large 
depths, the ablated material is hindered from leaving 
the hole and it resolidifies on the inner wall of  the 
hole. The decrease of  the ablation rate for structures 
in the 10l~m region due to this effect was reported in 
Ref. 5. The experiments on A120 3 with 10 x 10/tin 2 
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Fig. 2. Increase of  ablation rates with decreasing structure 
cross-section dependent on energy density,./~, = 10 Hz. i ,  Si3N4, 
Hl=2OJ/cm2; " i , Si3N4, H E = 1 0 J / c m 2 ;  - E ~ ,  SiC, 

H F : 2 0 J / c I T I  2 "  - { ~  , S i C ,  HE= 10J/cm 2. 

structures confirmed these results. Due to the small 
depths obtained the optical setup could be used only 
for precise marking of ceramics. 

Thermal effects were not measured, but it is 
reported that the thermal conduction and, therefore, 
the temperature in the irradiated area depends on 
the size of the structure. The heating of the target as a 
function of  beam spot size and pulse frequency was 
calculated in Ref. 6. 

3.2 Laser parameters 
The pulse frequency was varied between 1 Hz and 
20 Hz. A slight decrease of the ablation rate at higher 
frequencies was measured for alumina, as shown for 
[p = 20 Hz in Fig. 1. This is explained by the change 
in viscosity of  the glass phase in the material 
resulting from higher temperatures. A good compro- 
mise for processing speed and the quality of  the 
structure and the sample surface was found to be 
./p = 10 Hz. 

The most common way to affect the ablation 
parameters is to vary the energy density at the target. 
In the investigated range, higher energy densities 
offer higher ablation rates (see Fig. 2). The quality of  
the microstructures limited the energy density to a 
maximum of  10J/cm 2. 

Higher energy densities, e.g. 25 J/cm a, are accom- 
panied by disturbing thermal effects like increased 
melt phases in the irradiated area, increased deposits 
in the surroundings of the irradiated area and an 
increase of break-outs in the structure. This is very 
critical when small elements are machined (Fig. 3). 
The ablation rates of  the ceramic materials listed in 
Fig. 4 are in good agreement with some values from 
the literature. ~ 

3.3 Material aspects 
The ceramic materials showed characteristic reac- 
tions under XeCI excimer laser irradiation, but there 
are some c o m m o n  aspects. Unless noted, all 
reported effects refer to the negative structuring 
technique, but for positive structuring similar 
phenomena are observed. 

Oxides are characterized by melted phases cover- 
ing the structure walls and, using high energy 
densities, also covering the surroundings of the 
machined area. The oxidic materials also show 
typical colours which are a result of  solid-state 
electronic defects. The surface of  A120 3 is covered 
with a grey shade due to the formation of  colour 
centres, which can be recombined by heat treatment. 
In the microstructuring experiments, the heating 
through the conducted heat was efficient enough to 
decolourize the material. A12TiO s shows an intense 
blue to black colour that is also spread beyond the 
irradiated area. TiO 2 partially reduced to TiO2_, 
with 0 < n < 0"5 is assumed to be responsible for the 
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Fig. 3. Influence of  energy density on processing quality, A1203 R708; ablation threshold at H E ~ 5 J/cm z, hole diameter 1001~m. 

effect, v Only heavy thermal treatment can remove 
the colour, s 

Zirconia also shows a black coloured area due to a 
reduction process. The colouring is sharply limited 
to the area irradiated by the excimer laser, while the 
surroundings are not influenced. ZrO2 shows a 
unique effect at energy densities below 10 J/cm 2 and 
large structures (e.g. 1 x 1 ram2). The melted phase is 
not removed completely and small resolidified 
particles can still be found even using high pulse 
numbers. The mechanism of that effect is under 
further investigation. Zirconia is also unique in its 
surface structure after irradiation. Figure 5 shows 
the SEM micrograph of  a cross-section through the 
edge o fa  ZrO 2 wall. A similar structure was found at 
the bottom of  the structure. A transparent layer of 
melted and resolidified ZrO2 covers a coloured layer 

on the treated area. Under  this layer the unaffected 
bulk ZrO2 is observed. 

Nonoxides normally show no melted phases of  
substrate material. Characteristic melted phases of  
decomposed material are observed for these 
ceramics. SiC and SiSiC exhibit a silicon-coated 
irradiated area. The silicon builds walls that exceed 
the surface level. S i 3 N  4 and graphite show no melted 
phases at all. The products of  decomposition of  SiC 
and Si3N 4 can be found as deposits around the 
machined area. Their amounts  and shapes differ for 
various manufacturers. S i O  2 is the main component  
in these deposits. On SiC, the SiO2 appears as a 
powder-like phase which can be removed easily, on 
Si3N 4 the deposits form a solid layer. 

Typical cross-sections of SiC/SiSiC and SiaN 4 are 
shown in Fig. 6. The steep wall for SiSiC is 

ablation rate in urn/pulse 
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Fig. 4. Ablat ion rates of  the investigated ceramic materials. The influence of  the structure size is demonstrated. U1, 1 x 1 mm2; [],  
25 x 75 l~m 2. 
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Fig. 5. Cross-section of  the edge of  a wall in ZrO2, 
H F = 10 J, t i l l  2. N = 5 0 0 :  resolidified layer on bulk material (right 

side). 

remarkable. Large inclination angles of the walls are 
also typical for structures in SiC. A resolidified 
silicon phase already mentioned is observed, creat- 
ing a metallic layer on the bulk material. Additional 
phases in SiC, e.g. TiB 2 in this case. do not have a 
significant influence on the ablation behaviour. 

Si3NJ " is also characterized by very steep walls. 
However, here, in the upper part of the structure, a 
decrease of the inclination angle is obvious. A 
possible explanation is a change in the behaviour of 

(a) 

i i  . . . . . . . .  

,, ~i!i, lOOum 

(b) 

Fig. 6. (at SiSiC, H F = 2 0 J / c m  2, N = 2 5 0 ,  structure size 125 × 
125 itm z, (b) Si3N. ,, H~ = 20 J/cm 2, N =  1000, structure size 25 x 

751~m 2. 

the expanding plasma at various depths. As already 
mentioned, within small and deep structures a jet- 
like plasma that is mainly orientated perpendicular 
to the interacting surface is observed. Large 
inclination angles are a result of these conditions. 
Near the surface the plasma expansion is considered 
to be more three dimensional and causes lower 
inclination angles. 

Graphite exposed to energy densities up to 
10J/cm 2 reveals high quality structuring without 
any melted phases or large influence on the 
surroundings. The deposited carbon can be removed 
easily. In contrast with SiC/SiSiC and SisN 4 there is 
no increase of the inclination angle even in small 
structures. This leads to the effect that the walls come 
into contact for large depths. This phenomenon 
requires further investigation. 

Generally, the wall inclination angle is assumed 
to be a function of the energy density and the 
ablation threshold of the material. 4'9 The reported 
increase with higher energy densities could be 
confirmed only for large structure sizes and low 
pulse numbers. Especially regarding the results on 
S i 3 N  4, small and deep structures exhibit a different 
behaviour. 

Examples of both structuring techniques are 
shown in Fig. 7. The positive structuring was done 
o n  S i 3 N  4. Hexagonal structures in a honeycomb 
arrangement are the structure design. This special 
design shows a nonoptimal processing quality 
caused by material erosion during plasma expan- 
sion at the top of the structures. Increasing 
inclination angles with depth are obvious. Melted 
phases on top of the walls are observed for the 
negative structuring of A1203 R 708 as target 
material. 

3.4 Large area machining 
The possibilities of machining larger areas have been 
investigated to achieve a very large number of high 
quality microstructures. A similar multi-element 
structuring technique was recently reported, l° 
AI20 3 R 708 and ZrO2 served as target materials. 
New problems were expected due to the necessity of 
joining single elements to one large area, in this case 
4 × 4 elements. 

The first method consisted of machining one 
element to its final depth (1000 pulses), then moving 
the target and machining the next element. The 
accuracy of the final structure demonstrated the 
reproducibility of the target movement. This method 
revealed problems due to deposition of ablated 
material in already machined areas. 

Better results were obtained using a 'multiscan 
technique'. Single elements are machined with a 
smaller pulse number (in this case 100 pulses). All 
elements of the whole structure are machined 
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la) 

(b) 
Fig. 7. (a) Positive structuring of Si3N 4, HE= 12J/cm z, 
N=500, (b) negative structuring of AlzO 3, HE= 17'5J/cm 2, 

N= 1000, 'multiscan technique'. 

successively and then the procedure is repeated. The 
accuracy of  the stage was sufficient to secure a 
precise positioning even after 10 cycles. The last 
scans were made with only 50 pulses to improve the 
structure quality. On machining alumina, the tops of 
the walls are still covered with melt phases. They can 
be reduced when an addit ional excimer laser 
treatment with an energy density slightly higher than 
the ablation threshold is performed on the finished 
structure. 

The main advantage of  the 'multiscan technique' 
is the removal of deposits from the holes. The quality 
of the top of  the walls is improved. The quality of 
contact  lines between two elements could be 
improved when the target was moved only half the 
size of an element. A large area structure with a very 
uniform appearance was obtained by this technique. 

4 Conclusions 

Different strategies to obtain microstructures on 
large areas in ceramics by XeC1 excimer laser 
micromachining were determined. The desired 
structure size of  25 x 75/~m 2 at 300#m depth was 
reached in the experiments. Machining is accom- 
panied with changes of  very shallow layers of  the 
material  in the irradiated area. A 'mult iscan 
technique' was developed to machine large areas. 
Deposits could be reduced and the appearance was 
improved. This technique, in combination with the 
determined ablation parameters should open the 
possibility for using the excimer laser as a micro- 
structuring tool for various applications. Fur ther  
investigations are necessary to optimize the struc- 
ture quality concerning deposits and the zones 
between the elements. In general, larger elements 
have to be achieved to get a more economic 
machining process. 
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