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Various silica glasses were engraved deliberately by excimer laser radia t ion using wavelengths of 308 and 248 nm. The ablation of 
different samples was invest igated by systemat ic Variation of the processing parameters . The ablat ion rates were de termined using 
prof i lometry a n d gravimetr ic m e a s u r e m e n t s by evaluat ing the processing quaUty and the morpho logy of the processed surfaces was 
considered. T h e p h e n o m e n o n of ab la t ion is expla ined as a non- l inear interact ion of the laser b e a m and the glass. T h e experimental 
results show tha t the abla t ion behav iour of silica glass depends on the wavelength and the intensity of the laser radiat ion, on the 
surface q u a h t y a n d the degree of pur i ty of the glass. Al though high ablat ion rates were obta ined, the suitabihty of excimer lasers 
for mic romach in ing is restr icted due to the rough surface morpho logy and poorly defmed edges. 

Excimerlaserstrahlbearbeitung von Kieselglas 
Unterschied l iche Kieselgläser w u r d e n mi t Excimer lasern der Wellenlängen 308 u n d 248 n m bearbeitet . Eine systematische Variation 
der Bea rbe i t ungspa rame te r e r m ö g h c h t e die U n t e r s u c h u n g der Ab t r agsphänomene . Die Abt ragsra ten wurden mit e inem Oberflächen-
meßge rä t u n d gravimetr isch ermit te l t . A n h a n d der Oberf lächenmorphologie u n d der Kantenschär fe wurde die Bearbei tungsqual i tä t 
beurtei l t . Als U r s a c h e für den Ma te r i a l ab t r ag wird eine nichtlineare Wechselwirkung zwischen der Lasers t rahlung u n d dem Kiesel
glas diskut ier t . D ie exper imente l len U n t e r s u c h u n g e n ergeben, d a ß das Abtragsverhal ten von der Wellenlänge u n d der Intensi tät der 
Lase r s t r ah lung , aber a u c h von der Ober f l ächenqua l i t ä t und der Zusammense t zung des Glases abhängt . Obwohl große Abtragsra ten 
auftreten, k ö n n e n Excimerlaser au fg rund der zerklüfteten Oberf lächen u n d der schlechten Kan tenqua l i t ä t nur in e ingeschränktem 
U m f a n g zur M i k r o b e a r b e i t u n g von Kieselgläsern eingesetzt werden. 

1. Introduction 
Silica glasses exhibit opt ical , mechanica l a n d thermal 
propert ies which meet high mater ia l demands . They 
show good optical t ranslucency from the ultraviolet to 
the infrared ränge of the spec t rum, very low thermal ex
pans ion and heat conductivity, high elasticity, low dielec-
tric losses, high the rma l shock resistance a n d high trans-
format ion a n d softening t empera tu re ranges. However, 
processing silica glasses is difficult: their high viscosity 
and high processing tempera tures are undesirable for 
convent ional mel t ing a n d forming. Silica glasses are 
chemically resistant a n d etching is only possible by the 
use of fluoric acid. 

Mechanica l processing of the ha rd glass is carried 
ou t wi th d i a m o n d tools which can in t roduce undesirable 
impuri t ies in to the glass as a result of the hard tool 
mater ia ls a n d the cool ing oil. 

Laser processing of mater ia ls is an al ternative to con
vent ional m e t h o d s a n d does no t apply a force to the 
mater ial , the processing tool being the energy of the 
laser beam. A n example of an industr ia l application is 
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using the C O 2 laser beam to cut silica glasses during the 
product ion of car lamps [1]. Compared to C O 2 and sohd 
State lasers, excimer lasers can produce shorter wave
lengths, high pulse powers and short pulse durations. 
Typically a thin layer of material of less than one micron 
thickness is removed by each pulse from the excimer 
laser which reduces the heat-affected zone in the mate
rial and allows greater accuracy of sample treatment. 
Therefore, excimer lasers are used for micromachining 
and applications are found in the microelectronics indus
try, e.g. for the exposure of photo lac and the structuring 
of thin insulating films in integrated circuits [2 and 3]. 
Structures of 0.3 pm have been obtained using excimer 
laser radiat ion in microli thography [2]. Α systematic 
investigation into the interaction of XeCl excimer laser 
radiat ion with glass [4] demonst ra ted that certain glasses 
can be micromachined very precisely. It has been shown 
that an addit ional reactive gas increases the ablation 
rates of Silicate glasses by 50 % compared to the ablation 
in air [5]. 

The a im of this work was to study the influence 
of the laser and the material parameters on the micro
machining of silica glass. 

2. Interaction between UV laser radiation and 
silica glass 
Silica glass, an insulator, has only b o u n d electrons and is 
UV-translucent, except in the resonance case. The most 



impor tan t resonance arises from the transit ion of elec
t rons from the valence band to the conduct ion band. 
The band gap of silica glass is 9 eV [6], which is therefore 
above the p h o t o n energies of the excimer laser radiation 
4 e V μ = 308 nm) , 5QW (Λ = 248 nm) and 6.4 eV 
(Λ = 193 nm) , respectively, and these p h o t o n energies are 
no t large enough to result in electronic transitions. The 
absorpt ion of the excimer laser radiat ion at low energy 
densities in silica glass is correspondingly small 
(absorpt ion coefficient 3̂08 nm ~ 0.25 cm"^) . 

For higher intensities of laser radiat ion the optical 
propert ies of the glass become irradiance-dependent due 
to non-l inear effects. As a consequence the absorpt ion 
coefficient increases dramatically, possibly causing 
material damage by explosive ablation. This effect is in
duced by the product ion of free electrons due to non
linear processes, namely by mul t ipho ton in terband tran
sitions or by impact ionizations. Mul t ipho ton ionization 
is more probable at shorter wavelengths and with high 
p h o t o n densities. The presence of some pr imary free 
electrons is required in order to start an avalanche of 
free carriers for impact ionization and these electrons 
can be produced via mul t iphoton processes. For either 
impact ionization or mul t iphoton ionization a minimum 
intensity of the laser radiat ion must be exceeded [7]. This 
intensity, expressed in term of energy density, is called 
the ablation threshold of the material . 

When an avalanche of free carriers has developed, 
a microplasma is formed and explosive damage of the 
material occurs in most of the cases which is known as 
an optical breakdown. When the optical b reakdown oc
curs in the cold gas environment above the target, it is 
termed a laser-induced gas b reakdown [7]. 

Dur ing ablation a large p lasma evolves from the ion-
ized material and it expands vertically away from the 
target surface towards the laser beam. The plasma cloud 
interacts with the laser beam itself, if the density of elec
trons and particles in the plasma is high enough. Part 
of the laser radiat ion is absorbed or scattered, but the 
remaining par t reaches the target. 

Α less dramat ic process of non-l inear absorption, 
which takes place below the ablation threshold, is the 
formation of colour centres in silica glasses [8 to 11]. 
Colour centres arise from oxygen vacancies, the energy 
being delivered by two-photon processes. This effect is 
reported only for the A r F (Λ = 193 nm) and the K r F 
( 1 = 248 nm) excimer laser radiat ion, no t for the XeCl 
(Λ = 308 nm) excimer laser radiat ion. 

The absorpt ion process in commercial silica glass can 
be characterized as a "surface effect": The excimer laser 
beam always couples into the surface. The reduced 
bonding energies at the phase b o u n d a r y of the surface 
enable non-linear absorpt ion processes at lower inten
sities. The probabihty of mul t ipho ton ionization is en
hanced on rough surfaces due to the increased density 
of defect states [12]. Cracks in dielectrics result in a local 
increase of the electrical field ampl i tude and therefore 
reduce the threshold intensity for impact ionization and 
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Figure 1. Schemat ic of m a s k project ion. G: m a s k size, 
B: image d imens ion . 

for opt ical b r e a k d o w n [7]. T h e exper imenta l w o r k a ims 
therefore at the investigation of the influence of the sur
face q u a h t y of silica glass on the ablat ion p h e n o m e n a . 

3. Experimental 
Pulsed h igh-power XeCl (Λ = 308 n m ) a n d K r F 
(Λ = 248 n m ) excimer lasers were used for the present 
investigation. T h e XeCl excimer laser is charac te r ized by 
a pulse du ra t ion of 50 ns, a m a x i m u m pulse energy of 
2 J a n d a uni form intensity d is t r ibut ion wi th a r ec tangu-
lar cross-section. Α shor ter pulse du ra t ion of 29 ns a n d 
a m a x i m u m pulse energy of 0.5 J are character is t ic for 
the K r F excimer laser. For processing samples a m a s k 
was projected on the target , p roduc ing an a rea which 
was i r radia ted wi th a high energy densi ty (figure 1). T h e 
image size, i.e. the size of the i r radia ted area , was ad-
jus ted by the imaging rat io B/G, where Β is t he image 
size a n d G the m a s k size. Α dielectric a t t enua to r r educed 
the energy density at the workpiece. 

Experiments in a low-pressure a tmosphe re were per
formed using a processing Chamber, which was evacu-
ated down to a pressure of 1 Pa. T h e sample h o l d e r was 
heated in order to remove adso rbed layers from the sur
face of the glass, whilst a camera m o n i t o r e d the p l a s m a 
above the workpiece. 

T h e compos i t ions of the investigated silica glasses 
(Suprasi l , BQ-B a n d H O Q ) differed due to the different 
manufac tu r ing processes a n d raw mater ia ls ( table 1). 
T h e opt ical behaviour of silica glass is inf luenced by 
S i - O a tomic resonance oscillation ( IR a b s o r p t i o n 
bands ) , a t rans i t ion due to the br idging oxygen elect ron 
( U V edge), impuri t ies a n d defects in the n e t w o r k s t ruc
ture. T h e O H concent ra t ion of the samples was deter
mined by I R spectroscopy using the b a n d at 2.75 p m 
[13]. Suprasi l exhibited the highest O H concen t ra t ion , 
whereas it was lower for BQ-B glass a n d negligible for 
H O Q glass. 

B o t h BQ-B glass and H O Q glass are mel ted from 
na tu ra l crys ta lhne raw materials. A n abso rp t ion b a n d at 
237 n m (5.2 eV) was measured for these glasses. T h e or i 
gin a n d the exact posi t ion of this b a n d are still n o t clari-
fied bu t it is t h o u g h t to result from the presence of m e 
tallic impuri t ies [13] and oxygen vacancies [7 a n d 10]. 
The synthetically p roduced Suprasi l did no t show this 
absorp t ion band . 
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Table 1. Degree of impur i t ies of the silica glasses 

Suprasi l BQ-B H O Q 

O H concen t ra t ion 
metal l ic impur i t ies 
o the r impur i t ies 
p r o d u c t i o n process 
raw mater ia l s 

1200 p p m 

Cl 

f lame hydrolysis 
SiCU 

200 p p m <30 p p m 
550 p p m 50 p p m 
alkali bubbles, inclusions 
H2/O2 f lame electric furnace 

na tura l crystalline raw mater ials 

10 μ m 

Figures 2a a n d b. S E M mic rographs showing a typical surface 
m o r p h o l o g y of H O Q glass ob t a ined us ing an XeCl excimer 
laser ( λ = 308 n m ) wi th a) low energy dens i ty ( / / E = 7.4 J/cm^, 
10 pulses) ; b) h igh energy densi ty (HE = 28.5 J/cm^, 10 pulses). 

Samples with rough surfaces (mean roughness 
R z = 2 . 5 pm) and wi th pohshed surfaces ( R z = 0.25 pm) 
were p repa red in order to study the influence of the sur
face qual i ty on the processing results. 

T h e ablat ion dep th was normal ly measured using a 
mechan ica l surface profilometer. Fo r compar i son gravi
met r ic measu remen t s of the samples before and after 
processing were also performed. T h e ablat ion depth was 

calculated from the density of the glass and from the 
image size. Ablat ion rates were obtained from the ab
lation depths and the pulse numbers. 

4. Results and discussion 

4.1 Ablation behaviour 

Above the ablation threshold (Η^ ~ 2 to 4J/cm^) a 
higher surface roughness of the silica glass in the ablated 
area was obtained. The morphology of H O Q glass was 
characterized by shell-shaped breaks and cracks that 
also decreased the edge quality for micromachining (fig
ure 2a). I rradiat ion with higher energy densities far 
above the ablation threshold caused a smoother to-
pography and very small droplets on the surface (figure 
2b). This melting effect could be explained by a larger 
a m o u n t of energy being deposited by the laser beam in 
the glass. Additionally, the thermal radiat ion from the 
p lasma cloud was more significant at higher intensities 
of the laser beam. Similar effects occurred for the XeCl 
excimer laser processing of Suprasil and BQ-B glass. 

In figure 3 the ablation rate of H O Q glass and the 
Standard deviation from three measurements are plotted 
as a function of the energy density Three regions could 
be distinguished: In the "optical translucent region" at 
low energy densities (HE ^ 2 J/cm^) uniform ablation or 
at least local surface damage was not observed. In the 
" threshold region" damage occurred on the surface. D u e 
to the non-uniform processing the ablation rates could 
not be determined. In the "plasma region" above the 
ablation threshold material was uniformly ablated and a 
p lasma was formed at the surface. 

In general the ablation rates of Silicate glasses [4] are 
very high compared to the ablation rates of metals [14] 
and ceramics [15]. The reason for the high ablation rates 
obta ined was probably an optical b reakdown in the glass 
that occurred dur ing Irradiation. This explanation is 
suppor ted by the morphology of the processed surface 
that appeared to be caused by explosive damage. 

After a max imum value near the ablation threshold 
the ablation rates decreased with increasing energy den
sity. This unusual behaviour has also been observed for 
the excimer laser processing of borosilicate glass [16] and 
other glasses with low absorpt ion coefficients [4]. The 
interact ion between the excimer laser beam and the 
p lasma may have contr ibuted to this phenomenon . A t 
energy densities near the ablation threshold the p lasma 



was translucent and most of the energy of the laser beam 
reached the surface of the glass. High energy densities 
resulted in an optically dense p lasma shielding the glass 
from the laser beam and causing lower ablation rates. 

4.2 Influence of the intrinsic sample composition 
The ablation rate of Suprasil was more than 1 pm/pulse 
lower than the ablation rate of H O Q glass (figure 4) and 
the ablation threshold was higher ( ^ E ~ 2 to 6 J/cm^). 
Suprasil contains only a small a m o u n t of metallic im
purities, inclusions and bubbles. The higher O H content 
of Suprasil seemed to compensate for these intrinsic de
fects and increased the resistance of the glass to radi
ation. Similar observations have been m a d e by other au
thors [8 and 17]. It is therefore the "surface effect" that 
coupled the XeCl excimer laser radiat ion into the glass. 

BQ-B glass contains a lot of metallic impurities and 
bubbles and it exhibits a med ium O H concentrat ion. 
Again the ablation threshold was shifted to higher en
ergy densities (compared with H O Q glass) and the ab
lation rate was lower. 

4.3 Influence of the surface quality 
The ablation threshold of the polished glass was gener
ally shifted to higher values compared with the threshold 
of rough glass surfaces. Rough surfaces make the cou-
pling of the excimer laser beam easier. They offer a geo-
metric multiplying of the "surface effect" by multiple re-
flections of the laser beam. Irregulär crater formation 
was often observed within the irradiated area of pohshed 
samples when energy densities in the threshold region 
were used instead of a homogeneous ablation with the 
shape of the projected mask. This behaviour can be de
scribed as a "germinat ion effect": O n the polished sur
face small holes evolve from the remaining polishing 
Scratches (figure 5). 

Silica glass samples are also ablated at the rear face, 
if the thickness is no t too large [4]. A n amplification of 
the intensity of the laser beam on the rear face due to 
interference effects has been proposed as an explanation 
for this effect [18]. Additionally, the au thors ' experi
ments have demonst ra ted that the surface quality also 
influences the ablation rate of the rear face with unpol-
ished rear faces resulting in higher ablation rates than 
pohshed rear faces. 

4.4 Influence of the excimer laser wavelength 

Α better processing quali ty was obtained using 248 nm 
excimer laser radiat ion when the surface showed smal
ler shell-shaped breaks (figure 6) compared with the 
machining using 308 n m excimer laser radiat ion (fig
ure 2a). The improved morphology could be explained 
by lower ablation rates for the 248 n m excimer laser 
radiat ion (figure 7). 

The decrease of the ablation rates with decreasing 
wavelength, which has been observed for the excimer 
laser machining of metals, has been explained by smaller 

14T-

12-
JA 10 

c 8-

6-

4 

1 2 

4 

1 Kl 

5 10 15 20 25 30  
Energy density in J/cm^ • 

F i g u r e 3. Ab la t i on rate of H O Q glass as a func t ion of energy 
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Figu re 5. Opt ica l mic rog raph showing the " g e r m i n a t i o n effect" 
o n the surface of B Q - B glass due t o exist ing surface d a m a g e , 
X e C l excimer laser ( λ = 308 n m ) , = 6Λ J/cm^, 500 pulses. 

absorp t ion lengths at shor ter wavelengths [14]. This can
n o t explain the decrease of the abla t ion rates for the ex
c imer laser processing of silica glass, because non-Hnear 
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Figure 7. Abla t ion rates of H O Q glass as a function of energy 
density at different wavelengths. 

F igure 6. S E M micrograph showing a typical surface mor
pho logy of H O Q glass ob t a ined using low energy density, K r F 
excimer laser ( λ = 248 n m ) . HE = 7.4 J/cm^, 10 pulses. 

and strongly modified absorp t ion coefficients are neces
sary to ob ta in absorp t ion in the practically t ransparent 
glass. 

Α different ablat ion mechan i sm is p roposed as fol
lows [9]: M u l t i p h o t o n processes are necessary for the 
p roduc t ion of free electrons, at least of the primaries. 
The t ime At for the incidence of two or three pho tons is 
lower for higher frequencies (At = 2 π / ω = λ / c ) . As a 
consequence the p robab ih ty for absorp t ion processes is 
higher for the 248 n m excimer laser rad ia t ion than for 
the 308 n m excimer laser radia t ion . Therefore, a lower 
p h o t o n densi ty is necessary to d a m a g e the glass [9]. As
suming a b a n d gap of 9 eV in silica glass a n d a pho ton 
energy of 5 eV (2 = 248 nm) , t w o - p h o t o n processes are 
necessary for absorpt ion . For a p h o t o n energy of 4 eV 
( λ = 308 n m ) th ree -pho ton processes a re necessary for 
absorp t ion , but they are less likely a n d require higher 
p h o t o n densities result ing in higher d a m a g e thresholds. 

F u r t h e r evidence for the m u l t i p h o t o n absorpt ion and 
an electron avalanche at shor ter wavelengths has been 
given by Ih l emann [18]. H e demons t r a t ed tha t the ab
lat ion rates for the 248 n m excimer laser radiat ion ab
lat ion of silica glasses wi th 500 fs pulses are one order 
of magn i tude lower t h a n for the ablat ion wi th pulses of 
some nanoseconds dura t ion . A n explana t ion could be 
given as follows: For pulse dura t ions in the ränge of 
500 fs the b r e a k d o w n c a n n o t take place, because the ava
lanche bui ld-up t ime is in the ränge of 0.1 to 1 ns. In 
this case m u l t i p h o t o n absorp t ion domina tes which is an 
" i n s t a n t a n e o u s " process a n d results in lower ablation 
rates. 

b) 

Figures 8a and b. P la sma above the H O Q glass surface a) in 
n o r m a l a tmosphere , b) in vacuum. 

4.5 Influenae of the atnnosphere 
The shape of the p lasma was strongly influenced by the 
atmosphere in the processing Chamber. In air the plasma 
remained close to the surface (figure 8a). In vacuum the 

plasma expanded further from the sample due to a re
duced probabihty of collisions with gas molecules (figure 
8b). The ablation thresholds, the ablation rates and the 
surface morphology were not influenced by the ambient 
a tmosphere (air and vacuum, respectively). 



5. Conclusion 
The processing of sihca glasses is influenced by the en
ergy density and the wavelengths of the excimer laser 
radiation. At low energy densities the silica glasses inves
tigated transmit the laser radiat ion and intrinsic damage 
inside the glass does not occur. 

Non-l inear processes are responsible for the absorp
tion of the laser radiat ion, when a certain energy density 
is exceeded. The surface of the sample is destroyed by 
ablation of the material . The ablation threshold depends 
on the excimer laser wavelength, the material and the 
surface quality. Rough surfaces exhibit lower ablation 
thresholds compared with smooth glass surfaces which 
can be explained by multiplication of the surface effect. 

Max imum ablation rates are obtained using energy 
densities slightly above the ablation threshold and typi
cally layers of 3 to 12 pm thickness are ablated per pulse. 
The ablation rate is influenced significantly by the sur
face quality and the number of intrinsic defects and im
purities in the glass. Rough surfaces with cracks are ob
tained using 308 n m excimer laser radiation. The 248 nm 
excimer laser processing offers smoother surface mor-
phologies and also lower ablation rates. 
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