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Many high-field/attosecond and ultrafast electron diffraction/microscopy experiments on condensed
matter require samples in the form of free-standing membranes with nanometer thickness. Here, we
report the measurement of the laser-induced damage threshold of 11 different free-standing nanome-
ter-thin membranes of metallic, semiconducting, and insulating materials for 1-ps, 1030-nm laser
pulses at 50 kHz repetition rate. We find a laser damage threshold that is very similar to each corre-
sponding bulk material. The measurements also reveal a band gap dependence of the damage thresh-
old as a consequence of different ionization rates. These results establish the suitability of
free-standing nanometer membranes for high-field pump-probe experiments. Published by AIP

Publishing. https://doi.org/10.1063/1.500408 1

I. INTRODUCTION

Free-standing ultrathin membranes are widely used in
many types of ultrafast pump-probe investigations. For
example, in attosecond electron diffraction,1 attosecond opti-
cal spectroscopy,” ™ and high-harmonic generation,”™® sub-
um-membranes can avoid optical dispersion, linear/nonlin-
ear absorption, and other pulse propagation effects, which
are critical for single-cycle or few-cycle excitation, and
therefore provide the clearest spectral results. The
nanometer-thick membranes are also essential for studying
free-electron quantum optics’ and for performing ultrafast
transmission electron microscopy and diffraction,'®"? tech-
niques that can record atomic and electronic motions in
space and time."*™'® Here, the sample must be thin enough,
typically less than 100 nm, in order to let electrons pass with-
out too much absorption losses or inelastic scattering. Free-
standing membranes are also crucial for electron pulse com-
pression and metrology with THz fields'®? or attosecond
electron microscopy and diffraction’ of light-driven electron
dynamics.?' In all these solid-state experiments, the applica-
ble laser field strength and therefore the most complex
and efficient physics that can be initiated are usually limited
by laser-induced damage and ultimately destruction of the
membrane. Extensive knowledge about laser damage in
ultrathin membranes is therefore a prerequisite for designing
and advancing those kinds of experiments.

Most available laser damage reports focus on bulk mate-
rials or optical coatings on substrates,”> 2 and comprehensive
studies of how free-standing ultrathin membranes are dam-
aged by ultrashort laser pulses are rather scarce. In this work,
we report such data for 11 different membranes of various
metallic, semiconducting and insulating materials. We find
that the applicable field strength increases with the band gap
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and that the nanometer membranes have no largely different
damage thresholds than the corresponding bulk materials.
These results establish the high prospect of nanometer-thin
membranes for attosecond/high-field spectroscopy, electron
diffraction, and other types of investigations, and the reported
relationships and damage values should be useful for design-
ing future experiments.

Il. BACKGROUND

Ultrathin membranes, in the context of this work, shall
be membranes with less than 1 um thickness and of many pm
in lateral size, i.e., big enough to let an excitation laser beam
pass through without edge effects. Free-standing membranes
are usually suspended over a metal mesh or over a hole in a
substrate, and both surfaces are exposed to air or vacuum.
With respect to laser damage, such ultrathin free-standing
membranes typically have some detrimental features which
are not present in bulk materials: (i) rather low heat removal,
(i1)) weakness to mechanical stress, (iii) some potentially
strong optical interference, and (iv) relatively low material
quality. Substantial heat transfer is only possible along the
plane of the membranes,27 and therefore, the removal of heat
deposited by repetitive laser pulses is inefficient, in particular,
at higher laser repetition rates that are desired in ultrafast
electron diffraction/microscopy in order to avoid space
charge broadening of the electron pulses. Free-standing mem-
branes are weak to mechanical stress, and a tiny crack or little
melting/ablation can quickly lead to macroscopic destruction.
Inside a dielectric or semiconducting free-standing mem-
brane, the incident and reflected laser electric fields interfere
with each other. The maximum electric field amplitude is
often located at the rear surface, where the constructive inter-
ference occurs. The typical preparation processes are com-
plex and can involve thin-film growth followed by etching/
transfer, thinning of a macroscopic material by ion beams or
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TABLE I. Free-standing membranes and their laser-induced damage thresholds for 1-ps pulses. The values of Fsoyy, and Fi,. represent the laser damage
thresholds measured without and with the fast optical chopper (see Fig. 1), respectively.

Material Thickness (nm) Band gap (eV) Fsox, (J/em?) Frours (J/cm?) Fousi/Fs0xz
Cu 35 0 (9.8 +1.2) x 1073 (15 +0.2) x 1072 1.5+03
Au 30 0 (63+12)x1072 98+ 1.1)x 1072 1.5+04
Graphene Monolayer 0 (12 +04) x 1072 20+ 1.1)x 1072 1.7*1.1
Ge 100 0.6 (Ref. 43) (77+1.1)x 1073 9.0*15) %1073 12+03
Si 35 1.2 (Ref. 44) (53+06)x 1072 (5.9+0.7) x 1072 1.1+02
TiO, 150 3.6 (Ref. 45) (23 +04)x 107! (25 +04) x 107! 1.1+03
SisNy 50 4.8 (Ref. 46) (3.7 +0.5) x 107! (4.1 +0.5) x 107! 1.1 *£02
AIN 80 6.2 (Ref. 47) (2.8 +04)x 107! (34 +05)x 107! 12+03
Formvar 12-22 6.3 (Ref. 48) 1.9+03 28 +04 14+03
ALO; 140 6.5 (Ref. 45) 20+04 1.6 =03 0.8 +0.2
SiO, 40 7.5 (Ref. 45) 40+05 43+08 1.1+03

plasma etching, or single-layer cleaving techniques (Scotch-
tape). Therefore, free-standing membranes usually have a
rather low flatness, a rough surface, and may contain substan-
tial amount of impurities and crystallographic defects. To
what extent these and other deficiencies are changing the
laser damage threshold is the subject of this experimental
report.

lll. EXPERIMENTAL SETUP AND MATERIALS

We employed a Yb:YAG thin-disk regenerative ampli-
fier, which delivered linearly polarized 1-ps pulses centered at
1030 nm at a repetition rate of 50 kHz.?® Laser damage thresh-
olds were measured by continuously increasing the laser
power on a 22 x 32-um? focus spot until each membrane was
damaged, i.e., a “R-on-1 test.”* In Table I, we summarize the
free-standing membranes that were investigated. Membranes
of Al,O3, Au, Cu, Ge, and TiO, were formed on glass plates
covered with betaine (1-carboxy-N,N,N-trimethylmethanam-
monium inner salt) by thermal (Au, Cu, Ge) and electron-
beam (Al,O3, TiO,) evaporation. Afterwards, the betaine layer
was dissolved in water, and the membranes were picked up by
stainless-steel support plates which have 2-mm holes, thus cre-
ating free-standing membranes. The AIN membranes were
produced by etching 40-um big holes into a Si (111) substrate
on which AIN was epitaxially grown.? There is a dislocation
density of about 10'° per cm?, but the material is macroscopi-
cally single-crystalline, as confirmed by electron diffraction
with a 100-um wide ultrafast beam.>® The membranes of for-
mvar, graphene and Si/Si3N,4/SiO, were acquired from Plano
GmbH, TedPella, Inc., and SiMPore, Inc., respectively. The
Si, SizNy, and SiO, membranes had a size of 100 x 100 ,umz.
The formvar membrane and graphene were suspended on gold
grids with 300 and 2000 mesh/in., respectively. The Si and
AIN membranes were single-crystalline, while all other mem-
branes were probably more or less amorphous.

Figure 1(a) shows the experimental setup. Measurements
were conducted in air. A linearly polarized 1-ps, 1030-nm
laser beam at S0kHz repetition rate”® was focused onto each
membrane by a f=80mm lens. The beam that impinged on
the samples at normal incidence had a beam diameter at the
focus of 22 x 32 um? (1/¢* full width). A weak (less than 1
mW on sample) continuous-wave laser of wavelength 808 nm

was used to probe the presence of damage in each membrane.
The probe beam was focused on an area of 25 x 13 um?” diam-
eter on each sample from the opposite side. Transmittance of
the probe beam with respect to a reference arm was measured
with a balanced photodiode. By this method, we became sen-
sitive to changes in transmittance by less than 0.1%. The
intensity of the 1-ps, 1030-nm excitation beam on the samples
was controlled by a combination of a half-wave plate and a
polarizing beam splitter. We scanned the power continuously
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FIG. 1. Experimental methodology. (a) Setup for laser damage measure-
ments of free-standing nanometer membranes. HWP, half-waveplate; P,
polarizing beam splitter; CH, optical chopper; L, lens; PD, photodiode; BS,
beam splitter. (b) Measured photodiode output without the optical chopper.
The excitation laser hits the sample at the 50 kHz rate. (c) Photodiode signal
with the fast optical chopper. The chopper transmits the excitation pulses at
1.8 ms intervals and reduces the average power to 5%. Insets in (b) and (c)
are the expanded graphs around a single pulse and show the short-time
details.
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from zero to a power level well above the damage threshold,
while continuously recording the transmittance of the probe
beam. At each power level, the sample was exposed to more
than 10° laser shots, in order to mimic a continuous pump-
probe experiment under constant excitation conditions. We
note that our laser damage methodology is also applicable to
optical coatings and bulk materials, if there is enough trans-
mission of the probe beam.

IV. RESULTS

Figure 2 shows examples of these scans for 30 nm of Au,
35nm of Si, and 150 nm of TiO,. In the cases of Au and Si,
the transmittance of the probe beam increases with a jump at
well-defined thresholds (shown by arrows). Such an abrupt
increase in transmittance is attributed to the formation of a
macroscopic hole in the membrane. Indeed, after the experi-
ment, holes were clearly seen by optical microscopy (see the
insets). Above the threshold, transmittance increased further,
indicating a growth of the hole size. The extremely sharp
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FIG. 2. Laser-damage of free-standing nanometer-thick membranes. (a)
Laser-induced damage measurements on 30-nm-thick Au. (b) Laser damage
scan of 35-nm-thick Si. (c) Laser damage scan of 150-nm-thick TiO,.
Arrows in the figures denote the measured thresholds (see text). Insets, opti-
cal dark field microscopy images (100 x 100 um?) of the membranes after
the damage scans. Dark spots indicate the holes.
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signal increase seen in Si indicates that the initial damage in
the center of the laser spot rapidly led to macroscopic damage
with a size covering the entire probe beam. Such a sharp
increase was also seen in the result of the AIN membrane. On
the other hand, the transmittance of the TiO, membrane
showed a drop in probe transmittance. This decrease indicates
a change in morphology or chemical composition, for exam-
ple, partial melting, vaporization, sublimation or crack forma-
tion, or alternatively/simultaneously a change in the refractive
index or absorption due to a phase transition, oxidation, or
other chemical process of the material with air. A similar
decrease was also seen for Al,O3. At powers exceeding the
drop threshold, the transmittance started to increase again,
probably due to the subsequent formation and further expan-
sion of a macroscopic hole. In view of these observations, a
proper definition of damage threshold in the context of this
work is the laser fluence (or energy density), at which the
probe-beam transmittance starts substantially increasing or
decreasing for the first time. The measured laser damage
thresholds (Fsok,) are summarized in Table 1. These values
are the average of three results, each measured with fresh
samples. In the analysis of the laser damage threshold of the
dielectric or semiconductor membranes, we took into account
the Fresnel reflections on the membrane surfaces and the
interference of the laser electric fields inside the mem-
branes.?! The reported damage values are therefore maximum
peak fields/fluences inside the material.

Based on a 1-dimensional thermal diffusion model,?’ the
thermal relaxation time in our foils is microseconds or longer.
Repetitive heat deposition can therefore become significant at
laser repetition rates in the kHz regime. In order to investigate
the effect of the average power or the number of laser shots
on the laser damage, we repeated the measurements by using
a fast optical chopper which selectively transmitted only 4 or
5 successive laser pulses at about one tenth (550Hz) of the
basic laser repetition rate; see Fig. 1(c). The number of laser
shots and the average power on the sample were therefore
only 5% of the above measurements, but the pulse energy
and the electric peak field strength remained the same. The
results (Fypus) are shown in Table 1. These values are similar
to those measured without the chopper (Fsokp,), suggesting
that laser damage with the applied 1-ps pulses is rather exclu-
sively determined by the pulse energy or peak field, and not
by the average power or heating effects. It can be concluded
that all investigated nano-membranes do not substantially suf-
fer from accumulated heating due to their nanometer thick-
ness. Indeed, damage at any of the investigated repetition
rates (up to 50kHz) seems dominated by a mechanism that
primarily depends on the single-pulse fluence or single-pulse
peak field strength.

Interestingly, there are some residual deviations from
this overall picture. The ratio Fyu/Fsoxnz 1S @ little larger
than one for most of the membranes. It has indeed been seen
before that multi-shot illumination can reduce the laser dam-
age threshold by incubation effects,®” for example, by the
formation of laser-induced defects and nano-crackings® or
by thermal accumulation.’® The incubation effect usually
saturates at a large number of laser shots, typically 10%°?
which is more than two orders-of-magnitude lower than in
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our experiment. It is therefore likely that the slightly lower
damage threshold at 50kHz is related to a slightly elevated
temperature in the laser spot via the associated mechanical
stress, although the main mechanism remains to be a single-
pulse effect or high-field damage by the laser’s electric field.
We next compared the damage thresholds of free-
standing nanometer membranes with those of bulk materials.
For this purpose, we measured some damage thresholds of
thick transparent materials, namely for single-crystalline
Al,O5 with 200 um thickness and (0001) orientation, for SiO,
in (1120) orientation with 200 um thickness and for TiO, in
(100) orientation with 500 um thickness (all MTI, Inc.). The
laser spot sizes were 27 x 28 um? for TiO, and 18 x 50 um?
for Al,O3 and SiO,, while all other laser parameters were
nearly identical to those employed in the membrane experi-
ments. In the analysis of damage thresholds of bulk materials,
we considered the electric field amplitudes on the rear sur-
face, where there is constructive optical interference. The
measured bulk damage thresholds were 1.2 = 0.3, 1.8 = 0.4,
and 0.20 = 0.04J/cm? for AlLLO;, SiO,, and TiO,, respec-
tively. These damage thresholds are different from those
in the nanometer membranes by less than a factor of two,
although the thicknesses were up to 5000 times larger.

V. DISCUSSION

Table I reveals an increase of damage thresholds with
materials’ band gap. This band gap dependence can be quali-
tatively explained by differences in laser photo-absorption
mechanisms:®' at excitation pulse durations of around 1-ps,
which are short enough to decouple the optical absorption
and from slower thermal relaxation,*” the ultrafast physics of
photo-absorption becomes dominant over mechanical or
temperature effects. Therefore, the absorbed energy dictates
whether a foil is damaged.*

Metals (Au and Cu in this work) directly absorb the laser
excitation, and one-photon absorption is also the predomi-
nant mechanism in graphene at intensities applied in this
work.?%?7 Dielectrics/semiconductors are, in principle, non-
absorbing, but multi-photon effects, defects, tunneling pro-
cesses, and avalanche ionization create considerable free
carriers in the case of strong-field/short-pulse excitation.*®
When a carrier density reaches a critical value of typically
10*' cm ™, where the plasma wave is resonant to the laser
frequency, dielectrics/semiconductors can become strongly
absorptive, leading to damage.*'*° For narrow band-gap
materials (Ge and Si), predominantly, one-photon or two-
photon absorption leads to the critical density.*> For wide-
band-gap materials (AIN, Al,O5, formvar, SizN4, SiO,, and
TiO,), some free-electrons are first generated through multi-
photon/tunneling ionization or from defects and subse-
quently multiplied rapidly through avalanche processes, in
which free carriers absorb photons and impact-ionize
valence electrons. Avalanche ionization is expected to be
rather efficient at 1-ps pulse duration.”*?® Keldysh the-
ory*>*® predicts that the tunneling and multiphoton ioniza-
tion rates decay almost exponentially with the band gap,
suggesting that wider-band-gap materials have higher dam-
age thresholds, as observed.
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A highly important excitation parameter for most solid-
state attosecond experiments,”® or when one aims at seeing
atomic-scale carrier motions by electron diffraction,m"“’42
is the maximum applicable electric peak field, because inter-
esting strong-field effects can occur if the excitation field
approaches the threshold where the inter-band tunneling
becomes significant. Figure 3 (open circles) shows for all the
investigated membranes the peak field-strength at the damage
threshold as a function of a material’s band gap.**~** We plot
the fields inside the material here, not the incoming field
strengths. As is already evident from Table I, there is a clear
increase of the applicable peak field strength with increasing
band gap. This trend qualitatively agrees with the results of
bulk materials**~® and optical coatings on substrates.*'#>-!-2
Only the damage threshold of the AIN membrane is some-
what lower than expected, even though it has the highest dam-
age threshold among the semiconducting materials used in
this study. It is probably because the membrane size of 40 um
was not substantially larger than the excitation spot, and the
outer part of the laser could have ablated the silicon substrate
which has a lower threshold. The ablation of the silicon sub-
strate is indeed seen in optical microscopy images after the
scans. The fact that our nanometer-thick membranes with
their unavoidable impurities and defects are revealing this
band gap correlation effect is a clear sign that the underlying
physics of laser damage is approximately independent of
the sample thickness. Therefore, high-field studies by attosec-
ond spectroscopy or ultrafast electron diffraction can rely on
nanometer-thick membranes without substantial danger of
creating distortions via size effects.

For several high-band-gap materials, the available field
strength with our 1-ps pulses exceeded 1GV/m, which is
high enough to investigate light-field-driven electronic pro-
cesses by attosecond spectroscopy” > or space-time ultra-
fast electron diffraction.?’ If field strengths approaching the
inter-atomic dimensions of ~1 V/;\ are required, shorter
pulses should be applied.>**® By invoking the empirical
scaling law F o< 1%3*! where F is the damage threshold flu-
ence and t is the pulse duration, the applicable peak field
strength scales with 77033, i.e., shorter pulses provide higher
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FIG. 3. Applicable peak electric field in free-standing nanometer mem-
branes as a function of band gap. Open circles, experimental results of this
work obtained with 1-ps pulses. Squares, damage thresholds measured with
few-cycle pulses at 800 nm.>>
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fields. This estimation suggests that the maximum field
strength that is applicable to our nanometer-thick membranes
can reach the level of 1 V/A when single-cycle or few-cycle
optical pulses are applied. The squares in Fig. 3 show two lit-
erature values for no damage with few-cycle excitation.™
Indeed, damage occurs at a substantially higher field strength,
as expected.

VI. CONCLUSION

In summary, our investigation of laser damage of free-
standing nanometer-thin membranes made of 11 different
materials reveals the thickness-independence of damage and
its increase with band gap. Although the membranes are ultra-
thin, laser damage does not significantly depend on the repeti-
tion rate in the kHz regime, and the damage mechanism is
predominantly due to peak field strength and fluence. A peak
field greater than 1 GV/m can be applied to many materials
even with rather long 1-ps pulses; shorter excitation pulses
can produce inter-atomic field strengths (approaching 1 V/A).
Therefore, nanometer-thick membranes are well suited for
high-field/attosecond investigations of band structure dynam-
ics or for atomic-resolution space-time imaging by electron
diffraction/microscopy in transmission geometry.
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