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Abstract. Ablation thresholds and damage behavior ofthe surface quality, i.e., extrinsic defects created by surface
cleaved and polished surfaces@dF,, BaF,, LiF andMgF,  preparation. Therefore, all our measurements are carried out
subjected to single-shot irradiation wig8 nny14 nslaser in a 1-on-1 irradiation mode which is most suitable for the
pulses have been investigated using the photoacoustic nstudy of defect related absorption [6]. This, however, will not
rage technique and scanning electron microscopy(adp,  apply to future studies in the deep ultraviolet (e.g123 nnj
standard polishing yields an ablation threshold of typicallyspectral region where extrinsic defects play a minor role;
20 Jcn?. When the surface is polished chemo-mechanicallyinstead the emphasis will be on the investigation of intrin-
the threshold can be raised48 Jcn?, while polishing by di-  sic defects and incubation phenomena studied by multi-shot
amond turning leads to intermediate values arc@®ddcn?.  experiments.
Cleaved surfaces possess no well-defined damage threshold. In our previous studies @48 nmwe measured the da
When comparing different fluoride surfaces prepared by diamage and ablation behavior of conventionally polistedy,
mond turning it is found that the damage resistivity roughly(111) surfaces [7,8] and presented a first comparison with
scales with the band gap. We find an ablation threshold adurfaces prepared by advanced polishing techniques [9].
40 Jcn? for diamond turnedLiF while theMgF, surface can  Scanning electron microscopy (SEM) was utilized for sur-
withstand a fluence of more th&® Jcn? without damage. veying irradiated spots and characterizing their damage to-
The damage topography of conventionally polished surfacgsography [10]. In the present work we extend our studies
shows flaky ablation across the laser-heated area with cracts other fluoride materials and investigate ablation thresh-
along the cleavage planes. No ablation is observed in thelds and damage features of samples treated adtranced
case of chemo- mechanical polishing; only a few cracks appolishing techniquesie elucidate the mechanisms of dam-
pear. Diamond turned surfaces show small optical absorpticage and ablation effective for each type of polish and compare
but mostly cracks and ablation of flakes and, in some casethe laser damage resistivities of different fluoride surfaces
severe damage in the form of craters larger than the irradprepared by diamond turning. The ultimate goal is to explore
ated area. The origin of such different damage behavior ipossibilities for further increasing the laser damage resistiv-
discussed. ity and to find the best combination of material and polish for
practical applications in high power laser applications.
PACS: 79.20.-Ds; 81.65.-b

) . ) 1 Experiment
Laser damage and ablation of transparent dielectrics has been
an important area of study for many years [1-4]. Among therhree types of differently polished and cleaved (111)-
materials used in optical applicatiorGaF, plays a promi- syrfaces of highest purity fluoride single crystalsGdR,
nent role in handling excimer laser radiation, specifically ingaF,, LiF andMgF, have been investigated. We studied sam-
advanced UV-laser lithography where optical elements ha;’ELes polished by conventional techniques using diamond grit,
to meet highest standards with respect to both optical quakyrfaces processed by diamond turning [11], and surfaces pre-
ity and damage resistivity [5]. The latter has been investigategared by chemo-mechanical polishing [12] in combination
for CaF; in particular with248 nm— a wavelength today used with subsequent ion milling. The results are compared with
in laser lithography — and was found to depend sensitively oghe damage behavior of surfaces cleaved under normal con-
- ditions. All surfaces were irradiated wi248 nny14 nslaser
*Corresponding author. pulses and their response was detected by the photoacous-
(E-mail: reichling@cup.uni-muenchen.de) tic mirage technique, described in detail elsewhere [13, 14].
COLA99 — 5th International Conference on Laser Ablation, July 19-23,In short, an acoustic wave travelling with the speed of sound
1999 in Géttingen, Germany is generated when the surface is heated above the ambient
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temperature. At higher fluences, once a plasma is formed, 35
asupersonic shockwave develops for which speed and ampli— 3,00 A : 1B .o
tude increase with increasing fluence. 2,5 standardhard - 7 diamond Xh
Amplitude and arrival time of the mirage signal, the trans-2 20} polish & T tuming i
mission of the sample, as well as plasma light emission weré i'g: s 1 s
monitored as a function of the incident laser fluence. Herem osl . Ea‘l-'. 1 L
we only discuss signal amplitudes which reveal sufﬁuent«» 0:0__.%-- S SHRS A 'L
information about pre-damage heating and the onset of atg 300 ¢ sl D
lation. Typical examples fo€CaF, are shown in Fig. 1. All E— 2,51 advanced polish =y | cleavage
data points are produced by single laser shots, i.e., each fl& 2.0} +ion miling e ]
ence value was obtained with one laser pulse directed & 1,5 5’
a new surface spot (1-on-1). We deliberately avoided mea$® 1,0 . L e
urements of multi-shot (n-on-1) damage since multi-shot re-  0,5; . _; T J'_‘_'_::,' :'
sults turned out to be hard to reproduce and difficult to in- 005" =15"55"55" 40 50 600 10 20 30 40 50 60
terpret. Independent of surface treatment, no signal was de-
tectable at fluences belodO J/cm2 When increasing the
fluence, we observe a weak inorease of the acoustc ampf, 2. e Sepieres o o Pt o pLuse
tude betweer10-20 J/CfT‘|2 for the Stan.dard pOIISh (Fig. 1a) dard poll);hpb gurface prepared by dlamon&yturnlngphemo mechanical
and20-40 Jcn? for the advanced polish (Fig. 1c). The on- pojish: d cleaved surface
set of ablation is marked by a sharp increase in amplitude,
generated by the shock wave. This ablation threshold is well
defined for samples A and C, somewhat fuzzy for the diato ablation of flakes. At the periphery of the spot, on the
mond turned surface (Fig. 1b), and non-existent in case of thether hand, the stronigteral temperature gradient generates
cleaved surface (Fig. 1d). The reason for the latter is the varghear stress along the surface, which is responsible for the
ing density and quality of steps within the spot sizt8@um  high density of short ranged microcracks discernible at the
diameter) when moving the laser beam across the surface. \[deriphery [7, 8].
have reason to believe that damage starts at steps. A significant increase of the damage threshold can be
Scanning electron microscopy (SEM) recorded in secachieved by diamond turning. We observe a well defined
ondary electron mode was used as a complementary egamage threshold aroun®8 Jcn? (Fig. 1b), about40%
perimental technique which allows visual inspection of thehigher than the one for the conventional polish. For diamond
damage topography produced by high fluences. Sensitivitiurned polish we notice no apparent surface heating below the
to surface charging also renders SEM capable of detectinfireshold. The scatter of the data above the threshold indi-
minute material modifications even at the lowest applied flucates that damage seems to start rather localized and differs
ences [10, 15]. We made an effort to establish a correlatiosignificantly from spot to spot. SEM inspection in Fig. 2b ex-
between the acoustic signals and the actual surface modifichibits large scale damage inside the spot but a surprisingly
tions generated by the laser shots. sharp boundary without any lateral cracks. The central dam-
age pattern is reminiscent of the one in Fig. 2a, which means

Fluence (J/cm?)

2 Results and discussion

Comparison of the acoustic data for &aF, samples with
different polish in Fig. 1 shows a dramatic dependence o
the threshold behavior on surface preparation. In Fig. 2 thi§
damage topographies are shown for each polishing typ
after irradiating them with specific fluences stated in the
figure caption. Albeit sold as an optical grade crystal, the
surface polished by standard techniques showed the lov, -
est ablation threshold oR0Jcn? (see Fig.la). Below Faoid
this value, surface heating occurs, which we attribute tg

absorption of light by surface defects introduced by the
polishing procedure. The SEM image in Fig. 2a recorde(
above the damage threshold consists, inside the spot, !
long cracks along (111) cleavage planes and massive r
moval of large flakes. In contrast, we notice at the peripher
a high density of short cracks and no ablation. The rea
son is different thermoelastic forces acting inside and aL

[

the edge of the laser spot. Since we worked with a toj
hat laser profile, heating is fairly homogeneous across the : —
spot. Hence, inside exists a stromgrtical temperature gra- Fig- 2a-d. SEM images of damage t°p°9faph'es @R (111) surfaces

rradiated with the following fluencesa 27.6 J/cn? at the conventional
dient, but the lateral one is neg“glble By exceedmg thel'standard polishb 30 Jcn? at the diamond turned surface57.7 J/cn? at

thermoelastic stress limit, theertical gradient causes rup- the chemo-mechanically polished surfade}6 Jcn? at the terrace area of
ture at a certain depth parallel to the surface [8], leading cleaved surface
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that damage still originates from threrticaltemperature gra 35 —_—— ‘ :
dient. Missing cracks at the periphery, on the other hi 30F A ) - t
indicate that the high pressure applied during the turning @ 25| CaF, Tant | LF e
cedure has produced a thin amorphous layer with little op ~ § 20} S e
absorption in which no oriented lateral cracks can devi g %] - - u
under thermoelastic stress. & g’gi LSy . *;

The chemo-mechanical polishing technique led to - B I, T AN - i
highest ablation threshold at a fluence value arod®d cn? £ 30! ¢ Pt T D
(Fig. 1c). A number of SEM investigations with this sam g— 25/ BaF, ;"- 1 MgF,
revealed that mostly defects not removed by the pol & 20} L 1 -
ing process initiate the damage. Interestingly, the ovt % 15} - '
damage behavior is different compared to the two pr & 1.0} ¥
ous cases. It is characterized by only a few straight f 0,5 _,, U M__:_":,:'_.._'
ture lines across the laser spot (Fig. 2c). No material 00510 30 30 40 50 O 1o 3050 40 50 80 70

moval could be observed even at the highest applied
ences reaching up t60 Jcn?, which raises the questic,
Why shock waves are observed in Fig. 1c. We believe thosd9. 3. FI_uence depende_nce of the_photoacous_tic signal amplitude for differ-
are produced by violent crack formation, seen as fracturg™ fluoride crystals polished by diamond turning
lines in the SEM image in Fig. 2c, which seem to orig-
inate near the edge of the laser spot. In contrast to con-
ventionally polished surfaces where damage starts at thailing from the top of the valence band far into the band
place of highest vertical temperature gradient, here thgap [6]. Hence, for the same surface preparation, the density
highest lateral temperature gradient seems to trigger thef occupied states high in the band gap allowing linear ab-
cracks. Although there is a slight increase of the acoussorption of5 eV photons into the conduction band is smaller
tic signal below threshold (Fig. 1c), absorption inside thefor very wide band gap materials compared to that of crystals
spot in Fig. 2c seems to be significantly reduced, indicatingvith a smaller band gap.
a low concentration of surface defects. As a consequence, As is evident from Fig. 3d, gF, surface may at cer-
vertical stress is too weak to overcome the thermoelastitain spots withstand a fluence of more ti&ny cn? without
stress limit. ablation and Fig. 4d shows that there is no crack damage at
Contrary to polished surfaces, the acoustic mirage signd4 Jcn?. We attribute this exceptional behaviour MigF,
of the cleaved surface does not reveal a well defined dame the fact that the ablation process is not only determined
age threshold (see Fig. 1d). Instead, over a wide fluence ranbg the optical absorption but also by the thermoelastic sta-
we find a random distribution of acoustic amplitudes rangbility of the laser-heated surface region. We speculate that
ing from values close to the noise level to very high signalsthe process of diamond turning does not introduce many ab-
Some spots remain undamaged even abtgcn¥. This  sorbing defects into the surface but produces high mechanical
large scatter of the acoustic data is caused by the step dens#lyess causing damage in the form of dislocations and micro-
inside the laser spot. Cleavage steps are easily damaged whilecks. This interpretation is also supported by other observa-
terraces are rather radiation resistant due to their low con-
centration of structural defects and absorption centers [16].
A rare example of a damage spot on a terrace is displayed iz

Fluence {J/cm?)

laser spot was fortuitously placed on a terrace between t
steps. The fluence waks Jcm? which obviously lies above
the damage threshold of terraces. The source of this type ¢
damage is not clear but most likely structural defects like dis}
locations give rise to the initial light absorption.
Results shown in Figs.3 to 5 have all been obtained on dig
amond turned surfaces. The aim of these investigations WS
to compare the damage and ablation behaviour of differer™
fluoride materials and to explore some peculiarities of the di
amond turning technique. The synopsis of mirage amplitude
shown in Fig. 3 reveals that the damage threshold roughl
scales with the UV transparency limit of the respective ma
terial that is in turn related to its band gap. RaF,, Cak,
andLiF with UV cut-offs of 150, 130 and20 nm[17] we
find ablation thresholds of about 12, 30 at@ly cn?, respec-
tively. For MgF, the ablation threshold is not well defined,
but there is hardly any ablation beld® Jcn? and the ma- = : e e
terial having a transparency limit 4.0 nm[17] also fits into ~ Fig- 4a-d. SEM images of damage topographies of fluoride surfaces pol-
the series. This scaling behaviour can well be understood Hﬂzdyiﬁ:aﬂﬁgdjgg'ﬁ/fgg 'gg‘(,i'f._‘:e_dlg'éhﬂi;?'('jo",\‘,'l'ggzﬂfgZﬁﬁE

recalling that light energy deposition leading to detrimentalrhe jaser spot diameter k00um in all cases. Notice the magnified scale
effects solely occurs in the form of linear absorption by states a and ¢
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tions. A comparison of mirage results from diamond turnec
and chemo-mechanically polish€aF, surfaces (Fig. 1b and

1c) reveals, for example, that the ablation threshold of th{® RS
diamond turned surface is lower than that of the chemo
mechanically polished surface despite the higher absorptic R ME a

in the sub-threshold region observed for the latter. A carefu
inspection of irradiated spots as shown in Fig. 4 reveals th¢

and associated with specific structural defects created durirgss

machining the surface. Examples are the lined-up facet stru

ture in Fig. 4a and the minute tiles in Fig. 4b. !
Figure5 demonstrates that such local deficiencies may, i

faces in high laser power applications. This SEM survey m
crograph displays a series of irradiations@aF, at various — EEs W
fluences where the irradiated spots are clearly marked by they. 5. SEM overview image of damage topographies of diamond turned
bright circles often inside a larger halo. As will be elsewhereCaR(111) surface irradiated with the fluences in range from 18.3 to
the darker surrounding halos are charged features resultiﬁf&@-3 Jem?. White spotsrepresent surface damaggark halos originate

from ejecta re-condensed at the surface, with a larger haf§y™ recondensed plasma debris

diameter produced by a higher laser fluence. Massive catas-

trophic damage in form of deep, irregularly shaped craters ex- In a second set of experiments we compared the damage
tending far beyond the irradiated area is observed for a greand ablation behaviour of diamond turned surface€afb,
number of spots. Such type of damage has been observ8aF,, LiF and MgF,. It was found that the ablation thresh-
only at very rare occasions in measurements on surfaces sulild roughly scales with the UV cut-off limit of the respective
jected to other types of preparation. The structure of thesmaterial. HoweveriMgF, exhibits an ablation behaviour dis-
damaged spots, as revealed by SEM imaging with higheinctly different from that of the other materials insofar as
resolution, strongly indicates that they originate from well lo-there is large scatter in the data and an ablation threshold can-
calized defect centers. It is interesting to notice that in Fig. 1ot be well defined. It was found that certain spots of this
catastrophic damage is not correlated with the halo diametematerial can withstand fluences large tiény cn? without

i.e., with the incident fluence. This is either due to local lightablation. It is concluded that in the caseMfF, damage and
absorption or mechanical weakening. We regard the irregulablation are very much determined by local surface imperfec-
shape of the craters as a strong indication that in the case téns similar to the findings for cleaved fluoride surfaces. It
diamond turned surfaces the defects are not light absorbirtas been demonstrated that local defects are generally a prob-
centers but surface and sub-surface structural damage createrh for diamond turned surfaces and may constitute a severe
by the mechanical impact during machining. We speculatémitation for their use in high power laser applications.

that the fracture strength in a surface region is reduced by

micro-cracks surrounded by dislocations and even moderafgknowledgementsThis work was funded by the Deutsche Forschungs-

; ; i i it ; emeinschaft, Sonderforschungsbereich 337. One of us (J.S.) acknowl-
heatlng is sufficient to initiate cracks that easny prOpagatgdges support from Deutscher Akademischer Austauschdienst and Gottfried
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