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Wavelength dependence of the damage threshold of inorganic materials
under extreme-ultraviolet free-electron-laser irradiation
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S. Bajt,’

We exposed bulk SiC and films of SiC and B,C to single 25 fs long free-electron-laser pulses with
wavelengths between 13.5 and 32 nm. The materials are candidates for x-ray free-electron laser
optics. We found that the threshold for surface-damage of the bulk SiC samples exceeds the fluence
required for thermal melting at all wavelengths. The damage threshold of the film sample shows a
strong wavelength dependence. For wavelengths of 13.5 and 21.7 nm, the damage threshold is equal
to or exceeds the melting threshold, whereas at 32 nm the damage threshold falls below the melting

threshold. © 2009 American Institute of Physics. [doi:10.1063/1.3216845]

Free-electron lasers (FELs) produce tunable, coherent,
and high-power radiation and have recently been extended to
short wavelengths. The FEL in Hamburg (FLASH) produces
25 fs long pulses of more than 10'? photons in the extreme-
ultraviolet (EUV) range between 60 and 6 nm. ' The Linac
Coherent Light Source (LCLS) FEL is scheduled to deliver
first light this year. % Tt will produce 200 fs x-ray pulses with
wavelengths between 1.5 and 0. 15 nm. The LCLS will be
followed by facilities in Germany and Japan

X-ray FELs will enable unique ultrafast scientific re-
search. At the same time, their unique output characteristics
put severe requirements on the optics used to guide and
shape the x-ray pulses, and the detectors used to characterize
them. To avoid damage, various x-ray FEL-material interac-
tion models, damage mechamsms and optics design guide-
lines have been suggested. 319 Surface melting is an impor-
tant physical mechanism since it usually leads to and often
sets the threshold for damage. Materials with low atomic
number, Z, and high melting points are expected to exhibit
the highest damage resistance since they absorb less light per
unit mass and are mechanically stable. A definitive experi-
mental verification of these models has not been performed
since appropriate light sources are not yet available. Instead,
existing light sources have been used to test the models by
emulating the effect of x-ray FEL radiation, 12 byt they are
operated typically at wavelengths longer than 32 nm, making
extrapolation to x-ray FEL conditions questionable. In this
paper we determine the robustness of optical materials that
will be used at LCLS, at wavelengths as short as 13.5 nm at
FLASH. This wavelength range is substantially closer to the
x-ray FEL range than in previous work. Also, we compared
bulk materials with thin films and found substantial differ-
ences in the damage resistance, suggesting that mechanical
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properties and stoichiometry determined by fabrication
methodology have a strong effect on the damage resistance.

We studied different low-Z materials that are candidates
for x-ray FEL optics: (i) SiC slabs fabricated by chemical-
vapor deposition with an average grain size of 7.5 um, (ii)
1 wm thick amorphous SiC films, and (iii) 1 wm thick
amorphous B,C films."* The films were deposited with pla-
nar dc-magnetron sputtering systems * The deposition sys-
tem used for the B,C films is also being used for the depo-
sition of the coatings on the LCLS x-ray mirrors.”” In cases
(i) and (iii) the substrates were (100) Si wafers. The B,C
films deposited under regular conditions had high compres-
sive stress (>2 GPa), which led to delamination from the
substrate. We increased the B,C deposition pressure to re-
duce the stress (to 0.9 GPa), at the expense of a slight in-
crease in high-spatial-frequency roughness (HSFR). Grains
appear to be separated by microvoids in some areas. Atomic
force microscopy (AFM) measurements on other B,C films
deposited under identical conditions, but with different thick-
nesses indicated that the grain size and resulting HSFR scale
with film thickness. This type of morphology is consistent
with a “zone 1/zone 77 structure model proposed by
Thornton'® and is also consistent with data on sputtered B,C
films presented in earlier literature.'®'8 X-ray photoelectron
spectroscopy on a B,C film aged for about 1 month indicated
that the top 9 nm of the film is oxygen and carbon rich (64%
B, 22% C, and 13% O, atomic) with the oxygen and carbon
concentrations rapidly diminishing with depth from the top
surface. Rutherford backscattering (RBS) measurements
across the entire B,C film thickness indicated atomic ratio of
boron-to-carbon=3.7 (near perfectly stoichiometric), with
6% oxygen present, believed to come from the B,C sputter-
ing target. Using the RBS measurements combined with
scanning electron microscopy (SEM) thickness and EUV re-
flectance measurements, it was determined that the density of
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FIG. 1. Representative SEM images of bulk SiC exposed to the FLASH
beam slightly above the damage threshold at wavelengths of 13.5, 21.7, and
32 nm, respectively. The widths of the images are (a) 10.6 um, (b)
25.1 pm, and (c) 24.5 pm.

"

the films is 2.28 g/cm® (about 90% of crystalline B,C). The
aforementioned properties are generally consistent with the
properties of B,C films made using physical vapor deposi-
tion methods. RBS measurements on SiC films deposited
under conditions similar to the 1 wm thick SiC films used
here indicated an atomic ratio of silicon-to-carbon of 0.98
(near-perfectly stoichiometric), with 5% oxygen. The density
of the SiC films was determined to be 2.98 g/cm?® (about
93% of crystalline SiC).

We exposed the different samples to single pulses of the
focused FLASH beam under normal incidence. FLASH was
operated at wavelengths of 32, 21.7, and 13.5 nm. The pulse
energies were up to ~10 wJ, and the pulse duration was
25+5 fs. The FLASH beam was focused onto the sample
using a grazing incidence ellipsoidal mirror to a Gaussian
beam radius of 5 to 10 um. The pulse energy was adjusted
using a gas attenuator, and a gas monitor detector (GMD)
was used to measure the energy of each pulse.19 In order to
extract damage thresholds, we found it necessary to study the
onset of surface modification at low pulse energies at or be-
low 1 wJ. Since the readout electronics of the GMD was not
optimized for such low pulse energies we were only able to
record the energy averaged over multiple pulses. Therefore,
we used a statistical method to obtain the damage thresholds
as for previous experiments.11 The statistical pulse energy
distribution of a self-amplified-spontaneous-emission FEL
follows a Gamma distribution with a shape parameter M that
describes the number of optical modes in the radiation
source.*’ Fitting a Gamma distribution to the measured high-
energy (weakly attenuated) pulses, we found values for the
shape parameter M of 1.5, 1.5, and 3.5 for wavelengths of
13.5, 21.7, and 32 nm, respectively. We exposed multiple
spots (15-39) to pulses at a certain gas attenuator setting,
corresponding to a certain average pulse energy. Using AFM,
SEM, and white-light interference microscopy, ' we deter-
mined the fraction of the spots that are visibly undamaged.
Finally, we determined the damage threshold fluence interval
by mapping the undamaged and damaged spots onto the sta-
tistical pulse energy distribution.

We determined the Gaussian beam radii from the scaling
of the measured damaged area as a function of the incoming
pulse energy.zz’23 We found radii of 4.8, 8.1, and 8.3 um at
wavelengths of 13.5, 21.7, and 32 nm, respectively.

We used white light interference microscopy2 to deter-
mine surface height profiles. Figure 1 shows representative
profiles for bulk SiC exposed to the FLASH beam slightly
above the damage threshold at wavelengths of 13.5, 21.7,
and 32 nm, respectively. This shows that the focal spot of the
beam is well defined, allowing an accurate determination of
the fluence. The grains visible in the images are of order the
spot size. The three images look similar, indicating that the
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TABLE I. Summary of the exposure runs and the extracted damage
thresholds.

Lower/upper ~ Damage
Wavelength  Number exposures/ fluence threshold
Material (nm) damage sites (mJ/ecm?)  (mJ/cm?)
SiC film 13.5 3512 206/282 326
35/6 380/434
21.7 39/14 161/172 178
15/4 186/228
32 39/6 33/36 35
B,4C film 13.5 35/12 323/350 348
35/5 333/388
21.7 39/17 96/102 83
39/10 72/79
15/3 142/181
32 39/1 18/23 18
39/2 22/26
39/11 10/10
SiC bulk 13.5 35/21 663/707 685
21.7 39/21 321/339 298
39/34 2541277
32 39/22 7577 141
20/8 54/58

damage mechanism is likely to be the same. For the SiC film
and the slab samples, we detected only craters, whereas for
the B,C films we observed both extrusions, primarily at low
pulse energies, and craters, primarily at large pulse energies.
At a wavelength of 32 nm, we detected only extrusions on
B,C films for pulse fluences of up to 187 mJ/cm? At a
wavelength of 21.7 nm, we detected primarily extrusions up
to 728 mJ/cm?, and a few craters between 243 and
1213 mJ/cm? in the B,C films. Finally, at a wavelength of
13.5 nm, we detected only extrusions in the B,C films up to
963 mJ/cm?. The extrusions might be caused by a phase
change in analogy to similar volume expansions studied in
amorphous-carbon films.>*

We consider the surface damaged if we detect any sur-
face modification by SEM, AFM, or white light interferom-
etry. Table I lists the exposure runs that we performed along
with the fraction of exposed sites identified as damaged.
From this data, we can extract a range for the damage thresh-
old using the statistical model for each exposure run, also
listed in Table I. Finally, we take the damage threshold as the
average of the midpoints of these ranges, weighted by the
number of exposures per run.

We use the local dose as the basis for extrapolating
FLASH results to the hard x-ray regime. This concept is
supported by the fact that in both cases the absorption
mechanism is photoionization. The electrons then cascade
down to energies of order 10 eV before interacting with the
lattice ions. In both cases, the timescale for heat conduction
is much longer than the radiation pulse lengths, supporting
the assumption that the absorbed energy stays confined and
ends up as thermal energy before damage processes begin.
The calculation of the dose from the incident fluence ac-
counts for the particular absorption mechanisms that act in
the two different wavelength regimes (i.e., K-shell, L-shell,
etc.). For the FLASH case, the threshold surface dose is
obtained by dividing the damage threshold fluence by the
attenuation length. We assume that the optical properties of
the materials do not change during the pulse25 and that the
materials are homogeneous, in which case the maximum
dose occurs at the surface. Table II shows the attenuation
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TABLE II. Summary of damage threshold doses.

Wavelength (nm) 13.5 21.7 32
Attenuation length (nm) Bulk SiC 224 97 48
SiC film 241 105 52
B,C film* 232 91 45
B,C film* 130 54 28
Bulk SiC 2.0 2.0 1.9 1.00
SiC film 0.9 1.2 0.5 1.00
B,C film 0.8 0.5 0.2 0.77
B,C film 1.4 0.8 0.3 0.77

Damage threshold (eV/atom)

*We used the actual measured stoichiometry.

lengths and damage threshold doses for bulk SiC, SiC films,
and B,C films as a function of wavelength. We estimate the
error in the damage threshold to be about 50% due to errors
in the beam area, the energy measurement of the gas detec-
tor, and the small number of exposures per exposure series.
Thermodynamic calculations show that crystalline SiC
reaches the melting temperature at a dose of 0.63 eV/atom.”®
The heat of fusion is 0.37 eV/atom,26 so that a dose of 1.0
eV/atom is required to melt the material. Since the measured
damage threshold is 2 eV/atom, bulk SiC exhibits a remark-
able resistance to single-pulse damage in the EUV regime.
The rather weak wavelength dependence of the damage
threshold dose over the range of 13.5-32 nm gives hope that
the damage threshold at 1.5 nm, (the long wavelength limit
of LCLS) is similar.

Both the SiC and the B4C films show a strong wave-
length dependence of the damage threshold dose. The thresh-
old at 32 nm is particularly low, even when we correct for
the actual stoichiometry of the B,C films. It is possible that
the observed low damage thresholds are a manifestation of
uncertainties in the absorption coefficients of sputtered SiC
and B,C films containing oxygen, especially in the long
wavelength regime. Crystalline B,C has a melting dose of
0.66 eV/atom. Both the SiC and B,C film damage thresholds
are at or above the melting thresholds of the corresponding
crystalline materials at 13.5 and 21.7 nm wavelengths, but
not as high as the bulk SiC samples. Since many grazing
incidence optics for XFELs will use thin coatings, the lower
damage thresholds doses found for thin films should be used
as guidance for these facilities.

In summary, we measured the single-pulse damage resis-
tance of candidate materials for LCLS optics at the FLASH
facility, including bulk SiC and SiC and B,C films. We found
that the damage thresholds at 13.5 and 21.7 nm wavelengths
are above the melting thresholds, giving hope that a similar
threshold or better can be expected at initial LCLS operation
at a wavelength of 1.5 nm. At 32 nm, the damage thresholds
of the films are below the melting threshold, which may be
attributed to increased absorption.
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