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Abstract

Photothermal displacement microscopy is used for the detection of mm-sized defects in Al O rSiO multilayer coatings highly2 3 2
Ž 2.reflective for 248 nm. It is shown that for high quality coatings the global averaged over several cm laser-induced damage threshold for

coatings of different quality is determined by the density and absorption strength of the light absorbing defects. This is confirmed by a
Ž 2.measurement of local averaged over 0.01 mm damage thresholds with the pulsed photoacoustic mirage technique allowing a direct

correlation of local damage with photothermally detected thin film defects. An analysis of laser-damaged spots reveals damage-craters of
13 mm diameter at the onset of detrimental irradiation effects. The formation of these craters is explained by a thermoelastic model
describing the tensile stress in the film system resulting from evaporation of a defect located at the interface between thin film and
substrate. q 1998 Elsevier Science S.A. All rights reserved.

Keywords: Photothermal displacement microscopy; Defect induced laser damage; Thermoelastic model; Oxide coatings

1. Introduction

Ž .Ultraviolet UV light from excimer laser systems is
today used for a variety of important technological applica-
tions. One of the most prominent application is material
processing where high energy pulses are used for precision

w x w xmicromachining 1 and lithography 2 . The equipment
used for producing, guiding, shaping and focusing of the
UV laser beams normally involves an optical system with
a large number of coated surfaces. These optical compo-
nents have to withstand millions of high intensity pulses
and, therefore, the laser damage threshold is one of the
most important figures of merit for optical coatings in high
power laser applications. Light absorption by the thin film

w x w xmaterial 3 and defect-related absorption 3,4 is the limit-
ing factor for the optics especially in the UV spectral
region. With state of the art technology, damage thresholds
of more than 20 Jrcm2 at 248 nm for ns-laser pulses can

w xpresently be obtained 5,6 and the main problem in thin
film manufacturing is to reduce defect absorption that can
reduce the local damage threshold considerably. So far,
however, this problem has mostly been studied for infrared

w xlaser light 4 while the damage behaviour may be very
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w xdifferent when working in the UV 7 where local and
w xnon-local damage phenomena have been observed 8 .

Some general studies attacked the question of localised
defect absorption and recently it has been shown that, e.g.
nodular defects may play an important role for infrared

w xmultilayer coatings 9 . A scanning force microscopy study
demonstrated that damage occurring at sites of nodular

w xdefects may, in fact, define the damage threshold 10 .
Minute local absorption from defects has also been de-
tected by several phototermal techniques. Recent work

w xincludes photothermal mirage microscopy 11 and photo-
w xthermal displacement microscopy 12 .

With the present work we try to elucidate the role of
absorbing defects in Al O rSiO multilayer highly reflec-2 3 2

Ž .tive HR coatings for 248 nm in some detail and aim to
establish a correspondence between thin film defects and
the apparent damage threshold of the coating. The ultimate
goal of such studies is to develop a predictive method for
the determination of the laser resistivity with non-destruc-
tive methods. This contribution is a first step in this
direction since for the first time we directly correlate the
absorption strength of thin film defects with individual
damage events at the respective location. To accomplish
this task we combine results from two photothermal tech-
niques, namely, the photothermal displacement technique
w x13 for defect detection and the pulsed photoacoustic
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w xmirage technique 14 for the measurement of damage
thresholds.

First, defects are localised with mm-resolution and
characterized with respect to their size, distribution and
relative absorption strength with photothermal displace-
ment absorption microscopy, a technique that has been
shown to be well suited for optical thin film studies since

w xit combines ultra-high sensitivity with mm-resolution 15 .
However, due to the very complicated absorption profile
and thermoelastic response of a multilayer thin film sys-
tem, displacement measurements are difficult to calibrate

w xabsolutely 16,17 and throughout this paper we present
only relative absorption data. In a second step the global
Ž 2 .i.e., averaged over several cm laser-damage thresholds
F for the coatings are determined by conventional dam-T

w xage testings 18 and the photoacoustic mirage technique
w x19 and the damage threshold is discussed in view of the
defect mapping results. The last step involves a direct
correlation between photothermally localized defects and
damage centers appearing after irradiation with excimer-
laser light with fluences below the global damage thresh-
old. The defect-related nature of such damage centers is
verified by an analysis of their morphology with optical
and electron microscopy. A prominent manifestation of
defect-related laser damage is the formation of ablation
craters at sites of enhanced light absorption. The formation
of such craters is discussed in terms of a thermoelastic
model explaining the ejection of cone-shaped fragments of
the thin film layer stack.

2. Samples

Samples were Al O rSiO multilayer highly reflective2 3 2

coatings for 248 nm prepared by electron beam evapora-
tion on SQ1 quartz substrates. The coatings design was
Ž . Ž .n Ž .air 2L HL H substrate ; i.e., they consisted of typically

Ž . Ž .ns20 alternating lr4 layers of low L and High H
refractive materials and were covered by a lr2 protection
layer of SiO on top of the stack. Various coating qualities2

were obtained by evaporation and handling of substrates in
different environments. High quality samples were pro-
duced in clean rooms that have been in operation for
several years and guaranteed lowest levels of contamina-
tion. Deposition has been performed in a BALZERS BAK
640 coating chamber equipped with a refrigerator cryop-
ump and a LN cooled Meissner trap. The coating and2

substrate cleaning equipment was under class 10.000–1.000
clean room conditions. Film thicknesses and deposition
rates were controlled by an optical monitor at 248 nm and

Ža quartz oscillator, respectively. Both Al O 99.5% Pati-2 3
. Ž .nal and SiO 99.89% Patinal have been evaporated2

Žreactively from electron beam evaporators 6 kV, 15 kW
.total power with rotary crucibles and Mo-liners. Substrate

temperature was about 570 K. No further energy input by
ion or plasma sources was made to avoid additional ab-

sorption losses. To obtain lowest levels of contamination
special care was taken during preparation of the substrates
Ž .SQ1 Glaswerke Jena . The substrate cleaning procedure

Žincluded pre-cleaning steps in ultrasonic bathes Optical
.2S and Optical 6 , post-cleaning by hand with alcohol and

Ž .acetone cotton wool and overcoating with Opti-Clean.
The Opti-Clean was removed some minutes before starting
the deposition. For comparison lower quality coatings were
evaporated in a conventional oil diffusion pumped vacuum
chamber with a LN baffle. However, the design and all2

other preparation conditions were identical to those applied
for the preparation of the high quality coatings.

To test mechanical properties of the dielectric films
involved in the coating systems, we evaporated single
films of various thickness onto silicon substrates using
conditions similar to those used for the preparation of the
optical coatings. The intrinsic stresses of these films were
determined with a Tencor instrument by a substrate bend-
ing technique. For SiO layers of a thickness below 1002

nm we observed compressive stress of several hundred
MPa while the compressive stress in Al O was about 1002 3

MPa. HfO layers exhibited tensile stress of typically 3002

MPa.
Global damage thresholds F for a wavelength of 248T

nm were determined in a standard testing facility described
w xelsewhere 20 . In the following we report on a set of

Žsamples representing coatings with inferior quality F -1T
2 . Ž 2 .Jrcm , standard quality F ssome Jrcm and highT
Ž 2 .quality F )15 Jrcm that have been used for a detailedT

photothermal and damage analysis. The main parameters
of these samples are compiled in Table 1. Samples A, B
and C were used for an analysis of density, strength and
spatial distribution of defects by photothermal microscopy.
A detailed investigation of damaged spots was performed
on samples D and E with photothermal and interference
microscopy and with higher resolution by scanning elec-

Ž .tron microscopy SEM . Finally, global and local damage
thresholds have been measured for the high quality sam-
ples F and G and the location of damaged spots was
correlated with an absorption map previously obtained by

Table 1
Compilation of design and damage data for the HR coatings

2Ž .Sample Number of layers Damage threshold Jrcm

A 49 0.6
B 41 3.0
C 41 15.9
D 49 2.0
E 41 n.a.
F 41 22.5
G 41 19.0

Ž .H 21 HfO rSiO n.a.2 2

Ž .All samples were Al O rSiO except sample H multilayer systems2 3 2
Ž .consisting of lr4 layers 248 nm and were covered with a lr2 SiO2

protective overcoat. Damage data refers to global damage thresholds
determined for 248 nmr20 ns laser light.
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photothermal microscopy. Sample H was a HfO rSiO2 2

multilayer system designed as an example to demonstrate
how a variation in material properties may yield dramatic
changes in the observed damage phenomena.

3. Photothermal defect mapping

Photothermal microscopy measurements on samples A,
B and C were performed with a photothermal apparatus

w xdescribed in detail elsewhere 12 . The instrument was
operated in the displacement mode at 1 kHz modulation
frequency with a lateral resolution of about 10 mm deter-
mined by the focal diameters of pump and probe beam.
Images shown in this paper represent the variation of the
amplitude of the photothermally induced in-plane deflec-
tion of the probe beam for two-dimensional scans over the
sample surface. Photothermal displacement scanning pro-
vides a map of thin film absorption at the pump laser
wavelength of 514 nm and colour coding of the signal
amplitude allows a comparison between the absorption
strength of different samples since care was taken to
always work in the maximum of the photothermal dis-
placement profile. However, the photothermal microscope
was not calibrated in absolute units of absorbed energy.
Except for a few obvious surface contaminations the ab-
sorption centers could not be identified by optical mi-
croscopy.

Fig. 1 shows the amplitude images over regions of
800=800 mm2 for samples A, B and C, respectively.
Distinct differences appear in the images for samples of
different quality. The image for sample A reveals a strong
background absorption over the entire scanned area and a
large number of randomly distributed defects varying in
size and absorption strength. Defect density appears to be
similar for sample B, however, the background signal is
much smaller compared to the absorption peak amplitudes.
Note that the colour codes of the images in Fig. 1 have
been scaled differently to obtain an optimum contrast for
the defects, however, the mean background amplitude is
higher by a factor of 35 for sample A than for sample B. A
completely different result is found for the high quality
sample C. Here, the background absorption was extremely
small and only a very small number of weakly absorbing
defects could be identified. Additionally these defects ex-
hibited different shapes and seem to be of a different
nature than those from the other samples. The marked

differences in defect absorption found between samples B
and C are demonstrated in Fig. 2 where smaller sections of
images from Fig. 1 are displayed with the same expanded
colour coding. These images were obtained by scanning
with higher resolution and sensitivity and they allow an
insight into subtle variations of local absorption. For sam-
ple B the increased sensitivity yields the appearance of
numerous weakly absorbing defects additional to the
strongly absorbing ones while they are not present in
sample C where the noisy background indicates extremely
small homogeneous absorption close to the detection limit
of the photothermal microscope used for this series of
measurements.

To investigate defect properties in more detail a statisti-
cal analysis was applied to the absorption images of
samples A and B. A comparison of the defect size distribu-
tions is shown in Fig. 3. It was found that the total number
of defects was about equal for both samples, however, the
size distributions differed considerably. While defects are
about equally distributed for sample B, a distinct peak of
defects between 10 and 30 mm was found for the lowest
quality sample A.

In summary we found that there is a clear correlation
Ž .between defect properties measured at 514 nm of the

investigated highly reflecting coatings and the laser dam-
age threshold determined at the wavelength of maximum

Ž .reflection 248 nm . Although, the least quality coating A
also has a strong homogeneous background absorption, the
strong interaction with the laser light and consequently the
damage threshold is determined by localized defects. In
this sample a certain class of strongly absorbing defects
with a size of 10 to 30 mm seems to be most relevant for
the detrimental light-thin film interaction. In the normal
quality sample B the situation is similar, however, there a
broader variety of defect sizes governs the absorption
properties. From this set of measurements it is not clear
whether the global damage threshold of the high quality
sample C is determined by defects or by the intrinsic
absorption of the thin film materials. This question will be
investigated in more detail in Section 6.3.

4. Damage phenomena

4.1. MassiÕe damage

The manifestations of laser damage were studied on low
and standard quality sample since there large area damage

Fig. 1. Amplitude images of photothermal scans on samples with different damage thresholds: A: 0.6 Jrcm2, B: 3.0 Jrcm2, C: 15.9 Jrcm2. The colour
sequence from black to white represents increasing levels of absorption. To obtain an optimum visibility of defects the colour sequence has been scaled

Ž .differently for images A and B; i.e., same colours represent different absorption levels see text . The squares surrounded by dashed lines are regions
displayed in Fig. 2 that have been re-scanned with increased sensitivity and resolution.

Fig. 2. Magnified details from samples B and C. To enhance visibility of weak absorption centers the brightest colour represents 1r10 of the absorption
assigned to the brightest colour in the respective images of Fig. 1.
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Fig. 3. Statistical analysis of photothermal images on samples A and B
from Fig. 1 with respect to the size of photothermally detected defects.

and defect-related effects can most conveniently be sepa-
rated. A typical example for damage with a fluence well
above the threshold for sample D is shown in Fig. 4a. This
image is representative for a situation with rather homoge-
neous absorption where damage morphology is more deter-
mined by the laser beam profile than by localized absorp-
tions. It was obtained by interference microscopy in the
shearing mode showing steps as a pronounced line with a

w xstrong colour contrast 21 . Large areas of thin film mate-
rial have been ablated leaving behind elliptical terraces
following the laser beam profile.

Beside the described large area ablation, Fig. 4b that
was obtained under similar conditions than Fig. 4a reveals
first hints for defect-initiated damage. The damaged spot
contains several small circular craters where the damage
extends much deeper into the stack than in the surround-
ings. Apparently, at these locations the ablation morphol-
ogy is not determined by the laser beam intensity profile
but triggered by localized absorptions. Such phenomena
will be described in detail in Section 5.

To explain the predominant terrace structure we assume
that the film system is heated by the laser pulse and
evaporation starts at the topmost layer over the largest area
where the temperature is highest. Since the thermal length
w x22 , i.e. the penetration depth of the heat during the laser
pulse, in the Al O layers for a 20 ns laser pulse of2 3

approximately 20 nm is of the order of the geometrical
layer thickness of 37 nm, the in-depth temperature profile
is mainly determined by the light intensity decaying with
depth. Therefore, the structure of terraces follows the

Ž .thermal i.e. intensity lateral profile of the damaging laser
beam. The shearing method allows a determination of the
optical thickness of the ablated layers. It was found that
the thickness of each terrace was lr2, i.e. damage starts
with the removal of the SiO protective overcoat and then2

layers are not ablated individually but in SiO rAl O -2 2 3

pairs. The regular sequence of lr2-terraces implies and an
w xEDX-analysis on the terraces 23 confirms that they are

terminated by Al O -layers what is presumably a result of2 3
w xthe much higher melting and evaporation temperatures 24

of Al O compared to that of SiO . As soon as the2 3 2

evaporation temperature of SiO is exceeded the gas pres-2

sure leads to an ejection of the above Al O that has2 3

already melted at that temperature. The lateral temperature
gradient results in a regular ablation pattern with a terrace
structure. As shown in the SEM-image of Fig. 4c the edges
of the terraces are covered by droplets of molten material
with a preferential alignment in radial direction following
both, the temperature gradient and the gas flow after
evaporation.

The preferential sputtering of layer pairs might addi-
tionally be favoured by intrinsic stresses in the individual
films that do not compensate each other and result in a
sequence of interfaces alternating in low and high adhesion
strength. Such phenomena can be detected by an investiga-
tion of cross sections of fractured multilayer system that
exhibit pronounced terraces in systems with a net stress at

w xthe interface 25 . As an example for terrace formation we
present a micrograph of a fractured MgF rSiO multilayer2 2

system. As seen in Fig. 5 the amorphous SiO layers form2

large terraces while the MgF grown with a columnar2

microstructure do not. A similar difference in growth has
been observed for Al O rSiO multilayer systems and it2 3 2

was pointed out that also in this case terrace formation is
w xpossible 26 . However, the formation of intrinsic stress

and, therefore, the adhesion of individual layers strongly
depends on the specific preparation conditions for the thin

w xfilm system 27 . Here it can only be presumed that for the
sample used for our damage experiments the adhesion
properties were such that an Al O -terminated surface is2 3

the most stable when a destructive stress is applied to the
multilayer stack.

4.2. ExplosiÕe damage

Localized damage with a completely different damage
morphology was found for sample H representing a
HfO rSiO -system. Fig. 6 shows local damage at the2 2

periphery of a larger damaged spot with a shape somewhat
similar to the feature shown in Fig. 4a. As evident from
the SEM-image, here melting is of minor importance but
damage is dominated by large flakes of thin film material
delaminated from the layer underneath. Apparently the
center region of the crater has been strongly heated by an
absorbing defect resulting in the evaporation of thin film
material while the surrounding regions are much less
heated and damaged by elastic interactions only. The
bending of the flakes with remaining contact to the coating
indicates that in this case delamination is induced by the
gas pressure of material evaporated from the crater in the
center. In the case of a thin film system involving HfO ,2

this appears to be a natural scenario since the melting
temperature of HfO is well above the evaporation temper-2

ature of SiO . Consequently, damage is much less regular2

than in the previously discussed case and the process is
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Ž . Ž .Fig. 4. a Interference microscopy shearing method image showing
catastrophic damage on sample D after irradiation with a fluence well

Ž .above the damage threshold. b Shearing microscopy image obtained at
Ž .another damage site on the same sample. c SEM image of a detail from

Fig. 4a showing evidence for melting at the edges of ablated layers.

governed by elastic and adhesion properties of the HfO -2

film rather than by the melting temperature.

4.3. Large area damage

Thin film delamination due to thermoelastic stress has
also been detected around damage spots on the

ŽFig. 5. Cross-section of a MgF rSiO multilayer system lr2 for 5302 2
.nm demonstrating the formation of terraces due to different adhesion at

alternating interfaces. The micrograph was obtained using a PtrC replica
w xtechnique described in Ref. 26 .

Al O rSiO -sample E. However, in this case the delami-2 3 2

nation was extended over a very large area but so weak
Ž .that it could not be detected by electron microscopy but

only by photothermal imaging. To perform measurements
independent of the optical properties of the film and to
yield a high photothermal amplitude, samples were sput-
tered with a 50 nm Pt overlayer after the damaging laser

Fig. 6. Massive damage induced by defect absorption in the HfO rSiO2 2

multilayer sample H.
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ŽFig. 7. Large-area photothermal image brighter shading represents higher
.signal amplitude of sample E after backside irradiation at three spots

2 Ž .with fluences of 0.10, 0.11 and 0.26 Jrcm from left to right . The
smooth gradient apparent over the entire image is an experimental artifact
resulting from a small misalignment of the sample.

irradiation. It was checked by reflectivity scans that the
optical response of the sputtered samples was perfectly
homogeneous except at spots of laser damage where scat-
tering caused optical losses. For reasons given below
during this measurement the sample was irradiated from
the back side through the substrate with three different
fluences of 248 nm laser light. The amplitude image of a
large-scale photothermal displacement scan over a surface
area including all three spots is shown in Fig. 7. In this
image the laser damage by the beam with an elliptical
profile can be identified in areas of reduced signal ampli-
tude. However, each damaged spot is surrounded by a halo
of enhanced signal amplitude. The signal increase in these
regions that have not been irradiated by the excimer laser
as well as the diameter of the halo obviously depend on
the fluence of the damaging light. We interpret the halo as
a region where the film has been micro-delaminated by
thermoelastic stress acting during the explosion in the
damage center. The photothermal displacement contrast is
a result of the reduced mechanical contact of the film

Žsystem to the substrate or the reduced contact between
.layers yielding an increase in signal amplitude.

5. Defect-related damage

5.1. Onset of damage

Prior to photothermal imaging the damage spot on
sample E with the smallest fluence was investigated with
interference and scanning electron microscopy since it
revealed interesting defect-related phenomena at the onset
of damage. One hypothesis for the explanation of thin film
defects in low and standard quality samples was the as-
sumption that the strongest absorptions result from con-
taminations resting on the substrate prior to thin film
deposition. Such contaminations may have considerably

w xlarge absorptions 11 and are unavoidable unless extreme
care is taken during substrate handling. To specifically

address these defects it is very convenient to irradiate the
sample from the back side and thus create an electric field
distribution with a maximum at the interface between
substrate and thin film system; i.e. exactly at the assumed
location of the substrate contaminants. In fact, in this way
it was possible to detect such defects by individual damage
events and damage occurred in standard quality samples at
a fluence level as low as 0.1 Jrcm2. The typical damage
scenario obtained on sample E under these conditions is
shown in Fig. 8a. The damaged spot again resembles the
elliptical beam profile, however, in contrast to the high
intensity irradiations from Fig. 4, interference microscopy
now shows a random distribution of equally sized damage
craters representing the locations of defects over the entire
illuminated spot where the crater density is not necessarily
correlated with the intensity profile. Only in the maximum
of the intensity distribution it is found that craters have a
tendency towards a larger size and merge together to form
more irregularly shaped damage spots. As shown above,
such type of defect-induced damage craters can also result
from front-side illumination, however, due to the much
weaker electrical field acting at the interface in this case
such events are much rarer and restricted to very highly
absorbing defects. However, crater damage has also been
found for very high quality coatings illuminated with high
fluences. In these coatings the layer stack can withstand
the laser light that has enough intensity at the interface to
evaporate absorbing defects there.

To study the phenomenon in more detail, individual
craters have been investigated by SEM. Examples are
presented in Fig. 8b and c. It was found that all craters had
the same outer diameter of 13 mm and the crater bottom
where ablation occurred through the entire stack down to
the substrate had a diameter of 6.5 mm. The center of the
crater was marked by a small mould while the rest of the
bottom plane appeared to be rather smooth. Clear indica-
tions for melting of thin film material could be detected at
the rim of the crater bottom with melting droplets extend-
ing upward over some layers while most of the layers were
cut in precisely circular shape forming a cone around the
circular bottom plane. The crater walls had a well defined
angle with respect to the surface normal common to all
craters and this preferential orientation was found to be
rather stable. This is impressively visualized in Fig. 8c
where two craters in close proximity overlap without any
disturbance or irregularity in the plane where they merge.
Increasing laser intensity yielded a larger number and
merging of craters also in the periphery of the laser beam
profile; i.e. it was possible to produce damage by address-
ing weaker absorption centers.

On first sight this crater damage has a strong resem-
blance to damage resulting from nodular defects forming

w xsimilar cones 28 . However, a careful analysis of the
damage morphology and the sample surface prior to and
after laser irradiation excludes this interpretation. First, the
geometrical parameters like cone diameter and crater depth
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Ž . ŽFig. 8. a Interference microscopy image of damage craters resulting from backside irradiation of sample E at the onset of defect-induced damage lowest
. Ž . Ž .intensity damage spot from Fig. 7 . b Detailed view of a damage crater obtained by SEM. c SEM micrograph demonstrating the formation of

overlapping craters. All craters shown have an outer diameter of 13 mm.

of ejection cones resulting from nodules obey certain
relations that do not apply to the craters observed here.
Second, the center plateau found in our damage sites has
never been observed for nodules. Third, searching thor-
oughly we could not find any indications that nodular
defects are a major phenomenon in our coatings. By
systematically rastering samples with high-resolution SEM
and atomic force microscopy we found only extremely few
surface elevations that could be interpreted as nodules and
the apparent density of defects is incompatible with that
found, e.g. in Fig. 8a. In a recent study we directly
correlated photothermally detected absorption defects in a
high quality multilayer coating with the surface structure at
the respective locations investigated by scanning force

w xmicroscopy 29 . It was found that the defects had a lateral
dimension of typically 1 to 2 mm and an elevation of
about 10 nm was found at the stack surface. These findings
clearly exclude nodules as the origin of damage in our
case.

5.2. Crater formation

To explain the formation of craters qualitatively several
conclusions can be drawn from the experimental evidence
and here we present a model for the process that is

sketched in Fig. 9. Since nodules are not observed it is
clear that the nucleus of damage is an absorbing defect
with a height that is small compared to the thickness of a
single layer. By the absorbed laser light the vicinity of the
defect is heated to a temperature above the evaporation
temperature of the lowest lying thin film material. The
expanding gas from the sudden evaporation results in a
strong stress pulse perpendicular to the sample surface and
shearing stress along the layer planes. During the action of
this stress the layer stack is lifted off the substrate and
bulged and finally the whole stack pops off when the stress
exceeds a critical value as evidenced by the sharp edges of
the terraces forming the crater walls with their perfectly
circular shape. Tearing off the film is facilitated by melting

Ž .of the first layer or layers due to the high interface
temperature. The gas pressure does not only eject the cone
but also blow away melted material in radial direction
leaving behind the smooth substrate surface found at the
bottom of the crater. Only at the location of the defect a
strong compressive stress acts on the substrate creating the
small impression in the heated and plastically deformed
substrate. The main feature to be explained is the signifi-
cance of the diameter of the bottom plane of the crater.
This question has recently been addressed for ablation
craters produced with 355 nm light that are very similar to
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Fig. 9. Schematic illustration of the formation of a damage crater in a
multilayer stack by stress induced fracture after laser-evaporation of a
defect at the interface between thin film and substrate. The tensile stress
s acts in the plane of the layers and is drawn with an inclination forr r

clarity.

w xwhat we observed here 30 . In this work an empirical
relation between the thickness of single layers and the
diameter of the damage craters was given and it was
shown by order of magnitude estimates that the ejection
process described above is plausible.

5.3. Estimate of critical conditions for crater formation

In the following we extend this work and compile the
main formulae governing the elastic response of the layer
stack to the stress pulse. An exact quantitative treatment of
the crater formation, however, is difficult at present since
the absorption properties of the involved defects and the
elastic constants of the layer materials are not well known.
Numbers given here represent order of magnitude esti-
mates based on the few material constants we found in
literature.

For our analysis we assume an inclusion with a size R
of 10 nm that for simplicity is assumed to be a spherical
particle embedded in a SiO matrix and calculate the2

temperature rise T when illuminating it with a laser pulse
of Js109 Wrcm2 intensity:

JR
Ts´ 1Ž .l 4k

This formula was derived for a heated inclusion cooled by
w xthe matrix by diffusive heat transport 31 and is valid in

the small particle approximation that is well justified for
nm-sized particles subject to ns-pulses in a matrix with a
thermal conductivity of ks1.2 W my1 Ky1. We antici-
pate that in our case the defects have, in fact, a height of
about 10 nm but their lateral extension is much larger than

w xthat found from the photothermal and SFM studies 29 .
This means that the real energy uptake by the defect will
be stronger and the assumption of a spherical particle is in
the sense of a conservative estimate. The pre-factor ´ inl

Ž .Eq. 1 denotes the fraction of incoming light absorbed by
the particle and is very difficult to measure or calculate
accurately. A rigorous treatment would include a determi-
nation of the Mie scattering properties for such small

w xparticles 32,33 , however, in our case we assume ´ to bel

unity what might result in an over-estimation of the tem-
perature rise. On the other hand, using the SiO bulk value2
w x34 for k may easily compensate for this since the
effective conductivity considering heat flow into thin film
materials and a thermal resistance at the interface is antici-

w xpated to be much smaller 35 .
Under these assumptions we obtain a value of 25 000 K

for the temperature rise. Other estimates based on the
w xassumption of radiation cooling 30 yield the same order

of magnitude for the inclusion temperature rise under
similar conditions. Since the small particle limit heating is
mainly determined by the absorbing area, even higher
temperatures can be expected when the defect is not a
spherical particle but a flat object with a lateral extension
larger than the 10 nm radius that has been assumed so far.
Therefore, we conclude that in our damage experiments,
defects are strongly heated and melting or evaporation will
readily occur inducing various types of tensile stress in the

w xvicinity of the inclusion 36 .
It has been pointed out, however, that evaporation can

only be expected when the confinement of the inclusion by
w xthe host is greatly reduced 37 , i.e. after material failure

occurred. Consequently, for the tensile stress initiating this
failure at first place, we assume thermoelastic stress acting
due to thermal expansion of the heated inclusion. The
stress pulse s acting at the surface of an inclusion that is

w xsubject to rapid heating has been calculated 38 to be:

1yn EŽ .
ss aT 2Ž .

1y2n 1ynŽ . Ž .

where n , E and a denote the Poisson number, bulk
modulus and coefficient of thermal expansion of inclusion
and host that are assumed to be the same. Inserting avail-
able literature data for thin SiO films of 0.17 and 50 GPa2

w x y6for Poisson ratio and bulk modulus 39 and 0.7=10 rK
w xfor the thermal expansion coefficient 34 yields a stress

pulse of 400 MPa for the temperature rise calculated.
Again this is a conservative estimate since the values for E
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and a are specifically low in the case of SiO , e.g.2
w xcompared to those of Al O 34,40 .2 3

Such a compressive stress will not result in material
failure in the bulk, however, it acts as a tensile stress at the
interface between the substrate and the film stack. Damage
will be initiated when the tensile stress s exceeds the
critical stress s required to overcome film adhesion. At ac

perfectly uniform interface between two perfect materials
the critical stress only depends on the surface energy g ats

the interface. The real interface, however, contains imper-
fections, e.g. interface contaminations as present in our
case, that locally concentrate the applied stress and may
result in a severe reduction of the critical stress. This effect
is commonly described in terms of the Griffith criterion;
i.e. material failure will occur if s exceeds the valuec

1
p Egs 2

s s 3Ž .c 2ž /2 1yn rŽ .

for a penny-shaped flaw with radius r embedded in a solid
w x41 what appears to be the most appropriate geometry in
our case. Measured values for the surface energy are not
readily available even for surfaces of bulk oxides. For our
purpose we use g s3 Jrm2 that has been calculated fors

w xan Al O surface 42 . However, it has to be kept in mind2 3

that the quality of adhesion depends to a large degree on
the interface layer that forms between film and substrate
w x27 . For example, for oxide films investigated by a stylus

w xscratch test 43 the critical load for film removal has been
found to vary by more than a factor of 30 for different

w xoxide coatings on glass 44 . For an inclusion radius of 10
nm we find a critical stress of 5 GPa that is well above the
stress values calculated for the heated inclusion. Assum-
ing, however, an extended defect of 1 mm size yields 400
MPa well matching the assumed thermoelastic stress. In
conclusion, it can be stated that a local delamination of the
film stack from the substrate is plausible based upon the
rough estimate presented here, however, the appearance of
damage critically depends on the absorption properties of
the defects and the local quality of the interface.

For the following discussion we assume that a small
cavity with radius r has been formed by local delamina-
tion of the layer stack from the substrate in the vicinity of

Ža defect that is assumed to be laser-evaporated Fig. 9,
.second frame . Evaporation results in a pressure p acting

on the stack of thickness d that is elastically deformed and
tensile stress at the interface. The latter promotes further

Ž .separation of stack and substrate that, according to Eq. 3
becomes increasingly easy with growing cavity radius. In
fact, it has been shown by the analysis of the Gibbs free
energy of a similar system that growth proceeds infinitely

w xunless it is stopped by an external process 45 . This
readily explains large area delamination as e.g. observed in
Fig. 7.

In our case the limiting factor is the tensile stress that
does not only act at the interface but also inside the stack

and leads to material failure there. To determine the nature
of the failure requires an analysis of the stress distribution
inside the stack. For simplicity we assume it as a homoge-
neous plate with radius r and thickness d that is clamped
over its whole circumference. The displacement u of suchz

a plate under the action of a uniform pressure p has been
w xcalculated 46 to be

22 2 23 1yn r yrŽ . Ž .
u r s p 4Ž . Ž .z 316E d
From the displacement field the shear stress components

Ž .s r can easily be calculated and it is found that therr

highest tensile stresses appear at the points of maximum
curvature, i.e., in the center of the disk on its top and at the
circumference at the bottom. The respective tensile stresses
are:

3 1qn r 2Ž .
tops 0 s pŽ .rr 24 2 d

3 r 2
bots r s pŽ .rr 24 d

Since the Poisson number is always smaller than 0.5, Eq.
Ž .5 implies that the maximum tensile stress acts at the
circumference. As indicated in the third frame of Fig. 9,
damage in form of fracture perpendicular to the surface
will be initiated there as soon as the stress exceeds a
critical value s defined by the material properties of thec

first layer. Assuming that the entire spherical inclusion
with radius R is evaporated, the pressure in the cavity is
estimated using the equation of state for the ideal gas:

4p 1 p
3 2p V s R R DT where V s u r 6Ž .c c c c c3 V 2M

Here V denotes the molar volume of the inclusion mate-M

rial and R is the universal gas constant. The cavity
volume V is approximated by that of a spherical cap withc

a base radius of r and a height equal to the maximumc

thermoelastic deformation u of the stack when the stressc

reaches the critical value for crack failure. Combining Eq.
Ž . Ž . Ž .6 with Eqs. 4 and 5 allows a rough estimate of the
surface displacement and stress under critical conditions.
These quantities are calculated for an inclusion with 10 nm
radius, a molar volume of 20 cm3rmol typical for the

w xmaterials involved 47 , a stack thickness d of 1.5 mm
Ž .geometrical thickness for a 40 layer sample and a critical
radius r of 6.5 mm as extracted from experiment. Wec

find a pressure p of 18 kPa, a surface displacement u ofc c

34 nm and a critical stress s of 0.52 MPa. The latterc

value is about three orders of magnitude lower than ex-
w xpected for a bulk crystalline material 48 but still three

orders of magnitude above the intrinsic tensile stress ex-
w xpected for the film material 27 . Considering that the

oxide films grow with a considerable porosity and the
w xAl O additionally with a columnar structure 49 the2 3

greatly reduced fracture strength found here seems to be
very plausible.
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To explain the following steps of crater formation we
seek for mechanisms directing fracture along a line form-
ing the crater walls after fracture. On first sight this
problem seems to be very similar to that of damage due to
a heated inclusion close to the surface where the lines of
maximum stress have also been found to have large angles
with respect to the surface normal if the distance from the
surface is about two times larger than the radius of the

w xinclusion 50 . However, applying the surface inclusion
model to the geometry of our problem as found from the
above estimates does not yield a reasonable result.

We propose a dynamical model of crater formation
based on the assumption of a step-wise stress relaxation in

w xthe layer stack including deflections of cracks 51 . As
soon as a flaw is formed at the critical radius, the material
is locally weakened and fracture first propagates perpen-
dicular to the surface through the first layer. During this
propagation the volume of the cavity increases and conse-
quently, the inside pressure and stress will momentarily
drop below the critical value for fracture of an intact layer.
As soon as the next interface is reached, the line of
minimum strength will be the interface; i.e. the crack
propagates parallel to the surface creating the first step.
During this propagation, i.e. expansion of the cavity, the

Ž .pressure will according to Eq. 5 decrease further result-
ing in additional stress relaxation. However, this will be
compensated by the reduction of the effective stack thick-
ness due to the cracking of the first layer and, during crack
propagation along the interface, cavity radius and stress
will rise again. When the stress regains the critical value
s the second layer will break and the crack propagatesc

through this layer again perpendicular to the surface. This
cycle continues until the crack reaches the surface and the
conical cap formed by the step-wise fracture of layers will
be ejected. We anticipate that the effective thinning of the
stack at the circumference during the formation of the cap
results in strong bending and, consequently, delamination
of layers in the cap, however, there is no experimental
evidence for this additional channel of stress relaxation.

Due to the uncertainty in the absolute amount of de-
posited energy, the determination of the critical stress sc

for a layer in the stack is subject to considerable uncer-
tainty. However, it is a major result of the above consider-
ations that this quantity is the important one to determine
the radius of the craters and this radius is independent, e.g.
from the adhesion strength between layers. This readily
explains the equal width of single layer terraces that would
otherwise be difficult to interpret in view of the pair-wise
adhesion demonstrated in Section 4.1.

6. Correlation of defects with damage

6.1. Experimental strategy

In the previous sections the UV-coatings have been
inspected with respect to their content of absorbing defects

and the damage phenomena occurring for irradiation with
above-threshold fluences of excimer-laser light. It was
found that the damage threshold is correlated with both,
the residual absorption in the thin film material as well as
absorption by thin film defects.

For high quality coatings we expected that the residual
absorption of the coating material is so weak that defect
absorption would clearly dominate and the onset of dam-
age could unambiguously be attributed to absorbing de-
fects. The measurements described below aimed for a
detailed investigation of global and local damage thresh-
olds by the photoacoustic mirage technique and for a direct
correlation of photothermally detected defects with dam-
age events.

To accomplish this, high quality samples F and G were
investigated by both techniques. One half of the samples
was reserved for a standard photoacoustic mirage measure-
ment to obtain the global damage threshold. In the other
half selected areas of about 1 mm2 area were marked and
absorption maps were taken by photothermal displacement
scans in these regions. For these scans we used a photo-
thermal apparatus integrated into a commercial metallurgi-

w xcal microscope 52 . Compared to the measurements pre-
sented in Section 2 the use of the higher quality optics of
the microscope provided not only higher lateral resolution
but also a considerable improvement in sensitivity.

Immediately after the photothermal inspection, samples
were transferred to the mirage apparatus and the photother-
mally inspected regions were scanned with successively
increased fluences of 248 nm excimer laser light. With this

Žprocedure we obtained a low resolution information aver-
.aged over the 100 mm diameter excimer laser spot map of

local damage events. These irradiations were stopped at a
fluence level where a number of damage sites could be
detected but damage was still very localized. In the final
step of investigation the marked sample area was scanned
again but this time the intensity of the specular reflex of a
HeNe probe beam was monitored. This method of damage
detection provides high sensitivity and contrast and a good
estimate of the degree of damage and its lateral extension.
These damage maps could then be correlated with photo-
thermal images taken at the beginning.

6.2. Global and local damage thresholds

Global damage thresholds were determined by a stan-
w xdard photoacoustic mirage measurement 19 . During irra-

diation the laser fluence was increased in small steps up to
fluences that were about 30% higher than the threshold
fluence. By moving the sample after each pulse by a
distance larger than the focal diameter of the excimer laser
beam each pulse impinged on a surface area that had not
been irradiated before. To compensate for local threshold
variations, for each fluence mirage amplitude as well as
transit time were averaged over ten laser shots. The result
of such a measurement for sample G is shown in Fig. 10.
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Fig. 10. Fluence-dependent mirage amplitude and transit time for global
damage testing on sample G.

The graphs for both mirage signal amplitude and transit
time show that the signal is below the noise level for
fluences below the ablation threshold at 19.0 Jrcm2 and
then rises steeply. The fact that below the threshold there
is no region with constant transit time and linearly increas-
ing amplitude is a first indication for the defect-induced

w xnature of damage in this sample 19 . For sample F we
found similar results and extracted a global damage thresh-
old of 22.5 Jrcm2.

For the detection of local damage the marked areas of
the samples were irradiated with excimer laser light of a
constant intensity within the 100 mm diameter spot on the
surface and mirage deflection amplitude and transit time
were recorded for each irradiated spot. The procedure was
repeated with step-wise increased fluence. To obtain an
irradiation as even as possible at the required fluence level,
the laser beam was rastered over the surface with partly
overlapping irradiations as shown in Fig. 11a. Each mirage
scan was performed at a fixed laser fluence starting at
about 20% of the damage threshold of the respective
coating. During this irradiation sequence each investigated
spot was irradiated several times with pulses of increasing
fluence. For sample G we, e.g. applied fluences of 5.7,
5.8, 6.0, 7.2, 8.3, 8.9, and 9.7 Jrcm2. For this sample first
indications for damage could be registered at 8.9 Jrcm2

and scanning was stopped at 9.7 Jrcm2. The mirage
amplitude map obtained for sample G for this fluence is
shown in Fig. 11b. Although the spatial resolution of this
image is rather low, it is possible to roughly identify
regions with a high damage probability. One major result
of these raster damage measurements is the fact that the
local damage threshold may differ drastically from the
global threshold determined by the experiments described
above. Here, global and local damage thresholds differ by
more than a factor of two. Careful visual inspection of the
rastered surface and the results of HeNe reflectivity scans
taken prior to mirage-scanning revealed that most of the
severe degradation results from surface contaminants while
thin film defects mostly exhibit much weaker effects.
Furthermore, it should be mentioned that the raster damage

measurements might be influenced by previously applied
irradiation at lower fluence.

6.3. Correlation of damage sites with defects

After the damage scan the marked area on the surface
was rastered again. However, during this scan the reflected
intensity of a HeNe probe beam was recorded. In the
resulting image damage sites can precisely be identified by
scattering losses and the decrease in reflected intensity
gives a rough estimate of the damage strength. Fig. 12a
and b show a comparison of the photothermal scan ob-
tained prior to damaging and the damage map obtained by
the reflectivity analysis for sample G. It is found that some
of the damage sites clearly correlate with defects found in
the displacement amplitude image. The corresponding sites
are marked by squares in each image.

While the correlation between the marked defects and
damage sites is undoubtedly established by the matching
locations, we also find numerous defects not leading to
damage and on the other hand, damage sites on nominally
defect free regions. One reason for the former observation
might be the fact that the wavelength utilized for the
photothermal inspection was not the same as the damaging
wavelength. However, this argument does not seem to be
too obvious since we anticipate that any defect absorbing
at 514 nm also does so in the UV region. For the weakly
absorbing defects the more natural explanation would be
that the fluence was just not high enough to cause damage.
It is well known that the transfer of pulse laser light energy
to defects in thin film systems and following catastrophic
damage often cannot simply be treated as a locally in-
creased absorption coefficient but an additional electric
field enhancement due to a change in dielectric properties

w xin the vicinity of the defect has to be considered 53,54 .
Such a field enhancement, however, will sensitively de-
pend on the specific geometry of the respective defect and
its location with respect to the electric field distribution in
the film system. Therefore, it is intelligible that defects
that exhibit equal absorption strength in the photothermal
scan probing the linear absorption properties at 514 nm
may be heated very differently by the pulsed laser light at
248 nm. One defect might be buried in a deeper layer or
have a different structure or chemical composition than the
other.

Another important factor are surface contaminations.
Even with careful handling, they are unavoidable if not
working in a clean room but in a standard laboratory
environment as was the case for all photothermal and
damage test experiments introduced here. It was found that
surface contaminations produced the strongest photo-
thermal signals and some of them were removed before
consecutive analysis. In accordance with observations by

w xother authors 55,56 we also found that contaminations
could be removed by sub-threshold irradiation with the
excimer laser light. Some of the detected defects might just
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Ž . Ž .Fig. 11. a Raster scan scheme for local damage testing on sample G. b Mirage amplitude distribution after several raster scans with stepwise increased
fluence up to 9.7 Jrcm2.

Ž . Ž .Fig. 12. a Defect distribution obtained from a photothermal scan before local damage testing on sample G. b Reflectivity image of the sample after local
damage testing with fluences up to 9.7 Jrcm2. Squares indicate those locations where a correspondence between photothermally detected defects and
damage was found.

have been removed and, therefore, not turned into dam-
aged sites. On the other hand, we observed contaminants
appearing between photothermal analysis and the damage
experiments. They readily explain that we found severe
damage at sites where no defect has been found previ-
ously. A prominent example for damage due to surface
contaminants are the two extended damage sites in the
upper half of Fig. 12b. At the location of the right one, the
strongest absorption had been detected in the respective

Ž .photothermal image Fig. 12a . We speculate that this
absorption was due to a surface contamination and resulted
in catastrophic damage during pulsed irradiation. For the

large damage spot on the upper left side, however, we did
not find a corresponding absorption in the photothermal
scan. Apparently the contamination was attached to the
surface between the two measurements. Similar results and
features described above have also been found for sample
F.

To verify the defect- or contamination-related nature of
the damage spots, some were inspected by SEM. Two
typical examples on sample G are shown in Fig. 13. The
micrograph in Fig. 13a shows the damage feature marked
with an arrow in the damage map of Fig. 12b. Evidently an
absorption in the center of the crater was the nucleus of
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Ž . Ž . Ž .Fig. 13. SEM micrographs of selected regions from Fig. 12b. a Damage morphology of the marked spot ™ . b Large catastrophic failure in the upper
right.

damage similar to the features found for the back-side
Ž .illumination damage of low quality samples Fig. 8b .

However, there are marked differences with respect to
crater topography. While in the case of back side illumina-
tion we found evidence for elastic failure as the main
cause of damage, for the front side-illuminated sample
clear indications for melting throughout the film system
are found. The damage crater is much less regular and
melting pits and droplets are found all over the slopes.
Also the absence of a center plateau evidences that in the
latter case melting and evaporation are the cause for
ablation rather than fracture. This description applies to all
front-side illumination craters investigated including, e.g.
the small craters found in Fig. 4b. Therefore, we conclude
that the result presented in Fig. 13 is not a singular feature

due to the specific defect location of this case but de-
scribes the general difference with respect to the electric
field distribution compared to the scenario for back-side
illumination. While in the latter case only the defect at the
interface is strongly heated, for front-side illumination a
much higher fluence has to be applied to evaporate a
defect buried deep in the layered system. At such high
fluence levels not only the defect is evaporated but also the
layers above are heated close to the melting point facilitat-
ing a plastic deformation of the stack rather than the
propagation of cracks along the interfaces.

Fig. 13b, representing the upper right large
absorptionrdamage spot in Fig. 12a and b, is an illustra-
tive example for damage due to surface contamination.
Beside a multitude of smaller pits and deep craters we find
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large area damage in the form of melting or delamination
of one layer or a few layers strongly suggesting that here
only the surface is strongly heated. We speculate that the
contamination was in form of a fluid or powder and we
observe large area damage at locations of high particle
concentration while the small pits are a result of local
heating due to single particles.

7. Conclusions

Defects play an important role for the UV-laser damage
of Al O rSiO highly reflective coatings. In high quality2 3 2

coatings used for advanced laser applications they, in fact,
determine the local damage threshold that may be up to a
factor of two below the global threshold found in an
averaging standard damage analysis. While most defects
seem to be situated at the interface between substrate and
thin film system, the most detrimental effects result from
damage initiated by surface contaminations.

With photothermal microscopy it is possible to detect
and classify defects with respect to their absorption strength
and some of them can be directly correlated with damage
occurring during UV light irradiation. At present stage a
rough classification of the laser resistivity of the coatings
based on the defect analysis is possible. However, for a
predictive evaluation of damage thresholds based on ab-
sorption data more knowledge about the origin and nature
of substrate contaminants is required.
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