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ABSTRACT

In semiconductor device manufacturing, wafer materials may be exposed to intense light sources by optical metrology tools. The desired
light fluence often needs to be maximized to levels just below the optical damage threshold of materials deposited on the wafer, such as
ruthenium. We, therefore, investigate light-induced permanent structural changes to thin Ru films after exposure to single 400 nm wave-
length femtosecond pulses in the fluence regime before catastrophic damage. For fluences below that where full-ablation occurs, small
optical increases in the reflectivity of up to 4% are observed in the aftermath with a weak probe beam. In this fluence regime, dark-field,
scanning electron, and atomic force microscopy images reveal morphological changes such as top-level ablation, where only the top part of
the ruthenium layer is ablated whereas the lower part still remains on the substrate, and nanovolcano formation. However, neither top-level
ablation nor nanovolcano formation is responsible for the reflection increase. Instead, Electron Backscatter Diffraction reveals that in this
low fluence regime where reflectivity increases, Ru grains melt and resolidify into larger grains, which is likely responsible for the observed
reflectivity increases. This result is reminiscent of our earlier work on aluminum layers and it suggests that there may be more metals that
display this behavior.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0233239

I. INTRODUCTION

In semiconductor device manufacturing, new technological
challenges arise as device structures become smaller and smaller.1,2

For example, the resistivity of copper and tungsten increases when
the dimensions of conducting lines become smaller.3–5 Ruthenium
(Ru) has appeared as a suitable alternative to copper and tungsten
because of its good nanoscale conductivity.6,7 However, in semicon-
ductor device manufacturing, deposited materials must also be able
to withstand high optical fluences used by optical metrology tools,
for example for wafer alignment in nanolithography machines.

For wafer alignment, diffraction signals from alignment
markers, often buried under various deposited, partially opaque
materials, are used to determine the absolute position of the wafer.8,9

For this, visible/NIR light beams, having a Gaussian beam profile,

are often used with wavelengths in the range from about 400 to
1100 nm. For proper wafer alignment, a sufficient amount of dif-
fracted light from the buried alignment markers is required to accu-
rately determine the wafer position. In recent years, however, there
has been a clear trend toward making alignment markers smaller
and smaller which, for the same incident fluence, would reduce the
amount of diffracted light. Therefore, to keep the amount of dif-
fracted light the same, a further increase in the incident light fluence
is required, thereby reaching levels where optical damage becomes a
possibility. Of particular importance, therefore, is the optical fluence
regime around the optical damage threshold. Subtle, light-induced
changes that may affect the conductivity of the Ru, can already occur
at fluence levels below the threshold for catastrophic damage and
should be avoided at all costs. It is, therefore, of critical importance
to study light-induced changes to nanometer thick Ru films.
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On ruthenium, extensive light-induced damage studies have
been performed in the EUV/hard x-ray range.10–12 Interestingly, it
was reported11 that the absorbed energy spatial distribution in this
wavelength regime is similar to that formed by visible light, result-
ing in a similar thermo-mechanical response. Additionally, using
near IR excitation, ablation processes such as crater formation, a
fine pattern of dense cracking (craquelure13), and top-level abla-
tion14 in the film after illumination were modeled and measured.12

In top-level ablation, only the top part of the ruthenium layer is
ablated whereas the lower part still remains on the substrate,
whereas in full-ablation, the substrate is exposed due to the
removal of the entire layer. These studies, however, focused mostly
on fluence levels above the full-ablation threshold, whereas it is
likely that subtle material changes can also occur at fluence levels
below the full-ablation threshold.

In this study, we have looked at what happens when Ru thin
films of 8 to 40 nm thick that are exposed to single laser pulses
with optical fluences above and below the threshold value for cata-
strophic damage. At high fluences, catastrophic damage in the
form of crater formation, top-level ablation, and the formation of
cracks in the Ru are seen, confirming earlier results.12,14 Within the
area exposed by the pump pulse, scanning electron microscopy
(SEM) images and atomic force microscopy (AFM) however, reveal
the existence of round nanovolcanoes with diameters ranging from
50 to 500 nm. These structures appear to have been formed by
molten Ru that has locally been pushed outward and has over-
flowed the surrounding area. AFM measurements also show that at
the bottom of the volcanic crater, the glass surface is exposed and
appears to be undamaged. Measurements on samples with the Ru
layer deposited on scratched substrates show that nanovolcanoes
are mostly located along the scratch lines. This suggests that on
nominally flat surfaces, stochastic variations in surface roughness
increase the chance of nucleation and may therefore be responsible
for the random positions of the nanovolcanoes on the substrate.

Interestingly, below the threshold fluence for catastrophic
damage, small 0:1%–4% pump-induced increases in the optical
reflectivity are observed. Electron Backscatter Diffraction (EBSD)
measurements indicate that in a fluence regime below that where
catastrophic damage occurs, Ru grains have melted and resolidified
into bigger grains. In this fluence regime, a small increase in reflec-
tivity is observed, similar to what was measured for aluminum thin
films.15 This suggests that this effect may perhaps be more univer-
sal than original thought and could serve as an indication of
impending catastrophic optical damage for a wider range of metals.

II. EXPERIMENTAL DETAILS

A. Sample fabrication

Eight to 40 nm thick ruthenium (Ru) layers are deposited by
Magnetron Sputter Physical Vapor Deposition (Polyteknik Flextura
M506 S) on 0:5mm thick borosilicate glass substrates, which have
been cleaned in a base Piranha solution. Borosilicate glass16 is
chosen because of the negligible absorption at optical wavelengths
of 400 and 800 nm. To study the dependence of the substrate, also
sapphire, CaF2 and silicon substrates were used. An overview of
the samples used in the experiments is shown in Sec. I of the
supplementary material. Additionally, relevant ruthenium and

ruthenium oxide properties and used layer thicknesses are given
in Table I.

B. Setup

The pump–probe laser setup used for the experiments is
shown schematically in Fig. 1 and is explained in more detail in
Ref. 15. All experiments presented here are performed in ambient
atmosphere.

A Ti:Sapphire oscillator-amplifier combination generates
45�fs laser pulses with a central wavelength of 800 nm at a repeti-
tion rate of 1 kHz. In the setup, the beam is split into a weak
800 nm probe beam, and a strong pump beam that is frequency-

FIG. 1. Schematic of the pump–probe laser setup used for the experiments
(top) and the geometry of the beams and the sample (bottom). A detailed
description of the entire setup can be found in Ref. 15.

TABLE I. Optical and thermal mechanical properties of ruthenium and ruthenium
oxide.

Ru RuO2

n + ik @ 400 nm 2.40 + 4.64ia

n + ik @ 400 nm ellipsometry 2.60 + 5.04i 3.30 + 0.16i
n + ik @ 800 nm 5.04 + 3.94ia

n + ik @ 800 nm ellipsometry 5.51 + 5.10i 2.64 + 0.028i
Melting point Tm (K) 2606b

Boiling point Tb (K) 4420b

Thickness (nm) 8–40 0.5 (native
oxide)

Thermal conductivity κ (Wm−1K−1) 117b

Specific heat Cl (10
6 Jm−3K−1) 2.88b

aReference 17 (pp. 256–261).
bReference 18 (pp. 12–218).
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doubled by a Beta Barium Borate (BBO) crystal to 400 nm (type 1
second harmonic generation). Next, a pulse picker system, formed
by a 10% duty-cycle chopper and a galvo mirror, selects a single
pump pulse. The pump beam is focused using a f ¼ 20 cm lens
and the sample is placed a short distance before the focal point.
The pump is at normal incidence on the sample and the probe
beam is at an angle of �10� with respect to the surface normal.
Before it is focused onto the sample, the probe beam is reflected off
a set of beamsplitters to attenuate the power by a factor of �10�4

to a pulse energy �0:1 μJ. The pump-pulse energy can be varied by
rotating the λ=2-plate which is placed before the BBO. The probe
and pump are focused onto the sample to spot sizes of �15 and
�75 μm respectively. The geometry of the beams and the sample is
schematically shown in Fig. 1. Here, R and T indicate the reflected
and transmitted beams. The laser beams used in these experiments
have Gaussian beam profiles (see Sec. II A of the supplementary
material). Whereas it is not uncommon to use flat-top beam pro-
files in laser damage experiments,19,20 Gaussian beam profiles are
typically used in metrology tools for wafer alignment. Our experi-
ments are thus closer to the actual use cases. A detailed description
of the entire setup can be found in Ref. 15.

Before each measurement series, a Gentec-EO Beamage-4M
beam profiler is placed at the sample position, where the pump and
probe beam spatially overlap, to measure the pump and probe
beam spatial profiles. Furthermore, a Coherent thermopile power
sensor is placed in the pump beam path after the last mirror before
the focusing lens. This is to calibrate the reference photodetector in
order to convert the detector signal into a pump fluence.

In a typical experimental cycle, single pump pulses hit the
sample in a six-by-six grid where each subsequent pump shot has a
slightly higher fluence. Here, the fluence ranges from well below
any measurable morphological or optical change to above the
threshold for crater formation. Each site in the six-by-six grid is hit
by only one pump pulse. To check reproducibility, each such cycle
is repeated several times, leading to the formation of multiple grids.
Before each measurement series, the probe alignment with respect
to the pump is optimized by maximizing/minimizing the measured
power of the probe transmission/reflection after creating a small
ablation site by the pump. The same is done after the measurement
series to check if no beam drifting occurred and to confirm that
the sample and sample stage were aligned properly (see Sec. II B of
the supplementary material). At each illuminated site, before pump
excitation, the 800 nm reflectivity (Rpre) is obtained by measuring
the probe reflection and a reference signal using photodetectors.
Rpre is averaged over a thousand shots giving �Rpre, which enhances
the detection sensitivity. The same is done for a thousand probe
shots, measured well after pump excitation (.1ms), when all tran-
sient effects have disappeared, giving the average �Rpost. The relative
difference between �Rpre and �Rpost normalized to �Rpre is the relative
reflection change ΔR,

ΔR(F) ¼
�Rpost(F)� �Rpre

�Rpre
: (1)

These values for ΔR depend on the pump fluence F and are
obtained for all ruthenium layers. They are presented in Sec. III.

C. Post-processing

After each measurement series, the sample is taken out of the
laser setup for the inspection of the illuminated sites. Each grid
containing 36 illuminated sites is inspected by differential interfer-
ence contrast (DIC/Nomarski) and dark-field (DF) microscopy.
Hereafter, a Helios Nanolab 600 scanning electron microscope
(SEM) is used to study possible morphological changes. Selected
sites are inspected further with a Bruker Dimension Icon atomic
force microscope (AFM). For some sites, energy-dispersive x-ray
spectroscopy (EDX), to obtain the spatial distribution/concentra-
tion of the elements (Ru and O) present in the layer and/or
Electron Backscatter Diffraction (EBSD) is used to map the crystal
orientation and structure and to obtain grain sizes. EBSD was per-
formed in a Thermo Fisher Scientific Verios 460 SEM using an
EDAX Clarity direct detector. The patterns were collected using
EDAX APEX software, a 100 pA beam current, 7 kV accelerating
voltage, and a 15–200ms pixel integration time. The patterns were
processed in the EDAX OIM software. All obtained patterns were
indexed using the Spherical Indexing (SI) approach with Neighbor
Pattern Averaging and Reindexing (NPAR) with the Ru phase
(P63=mmc space group).

For an (elliptical) Gaussian pump beam, where the intensity
distribution is Gaussian having a different width in the two orthog-
onal directions of the ellipse, the local fluence profile, F(x, y),
varies with position. In this profile, lines of constant fluence
(F ¼ const:) take the shape of ellipses. These ellipses correspond to
lines where the energy per unit area has a constant value. When a
damage mechanism is bounded by a certain threshold fluence Fth,
the area A bounded by this ellipse equals the area spanned by that
damage mechanism. Therefore, for Gaussian beam profiles21 with a
peak fluence of F0 at its center, A and ln F0ð Þ follow the linear rela-
tion as expressed in Eq. (2),

A ¼ a ln F0ð Þ þ b: (2)

Since the onset of damage occurs at A ¼ 0, where F0 ¼ Fth, Fth as
well as the FWHM of the Gaussian beam waist dx (long axis) and
dy (short axis) can be expressed in the linear parameters a and b as
defined in Eq. (2),

Fth ¼ exp � b
a

� �
, dx ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4 ln 2ð Þa
π

ffiffiffiffiffiffiffiffiffiffiffiffi
1� e2

p
s

,

dy ¼ dx
ffiffiffiffiffiffiffiffiffiffiffiffi
1� e2

p
with d ;

ffiffiffiffiffiffiffiffiffi
dxdy

q
, (3)

with e being the eccentricity of the elliptical beam profile, which is
directly measured (e � 0:70). Here, a and b are determined from
the linear fit to the measurement data of area A vs ln F0ð Þ in the
so-called Liu-plot.15,21 A more detailed derivation of Eqs. (2)
and (3) can be found in Ref. 22 (pp. 2–3). Since lateral heat diffu-
sion can be neglected here (see Sec. IV B of the supplementary
material) and we consider metals here, damage occurs where
Flocal . Fth. By using a Gaussian, instead of a flat-op beam
profile,19,20 Fth can be obtained with a high accuracy because of the
relation between the damaged area A and the peak fluence F0 [see
Eq. (2)].
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III. RESULTS AND DISCUSSION

A. Nanovolcano formation and top-level ablation

We used six samples with nominal ruthenium layer thick-
nesses of 8, 10, 15, 20, 25, and 40 nm on borosilicate glass sub-
strates.23 Each sample is illuminated by single-shot 400 nm pulses
of different fluences and probed by weak 800 nm pulses. The rela-
tive reflection change, ΔR [see Eq. (1)], is measured. These ΔR
values are plotted vs peak pump fluence F0 and are shown in
Fig. 2. For low fluences, ΔR ¼ 0 because the pump fluence is too
low to permanently change the ruthenium layers. For high enough
fluences, ruthenium is removed. Since the transmission of the
probe light is higher without the ruthenium layer present, this
full-ablation will always cause a decrease in ΔR (see Fig. 8 in the
supplementary material). In between these low and high fluence
regimes, for the 8 and 10 nm ruthenium layer [Figs. 2(a) and 2(b)],
there is a small increase in the reflectivity (ΔR . 0). This is slightly
different for the 15 to 40 nm thick (nominal) ruthenium layers
[Figs. 2(c)–2(f )]. Although there the reflectivity increase is present
as well, additional, fairly abrupt changes in the slope of ΔR(F) are
also observed. Each abrupt change may be located at a fluence
threshold corresponding to a different damage mechanism. The
same figure is shown in part of Fig. 7 of the supplementary
material, which includes all found damage mechanisms.

Using SEM and optical microscopy, images of all illuminated
sites have been obtained. Different damage mechanisms such as crack-
ing, nanovolcano growth, and top-level ablation of the layer were
observed below the threshold fluences for full-ablation. With top-level
ablation, roughly the top half of the layer of ruthenium has ablated
from the lower half, and the lower part is still intact and remains on
the substrate. This is due to the expansion of overheated material at
near and above critical conditions at the top-level layer.14 For higher
fluences, both the top and lower part ablate from the substrate. We
define the complete removal of Ru as full-ablation.

A selection of dark-field images of illuminated sites for each
of the six Ru thicknesses is shown in Figs. 3(a)–3(f ). The local
fluence decreases as the distance from the illumination center
increases. Since the full-ablation threshold fluence is exceeded in the
middle of all spots shown in the images, all damage mechanisms are
present. The right halves of the images have been overlayed with
semi-ellipses that outline annular regions where nanovolcanoes
(between blue and green ellipses), top-level ablation (between orange
and green ellipses), and full-ablation (inside the green ellipse) are
seen. The green semi-ellipses indicate the full-ablation edges. Within
this region, there is no ruthenium left and the substrate is exposed,
as seen by bright-field microscopy. For the 8 and 10 nm thick
(nominal) layer, when moving closer to the green ellipse, the
nanovolcanoes grow in size until practically all nanovolcano vents
overlap, forming the full-ablation area. This is schematically
drawn in Fig. 3(g).

Figures 4(a)–4(f ) show SEM images for all Ru thicknesses
similar to the dark-field ones as presented in Fig. 3. In the addi-
tional zoomed-in SEM images [Figs. 4(g)–4(r)], round dark shapes
bordered by bright rims have emerged from the ruthenium layers.
Since their sizes range from 50 to 500 nm, and because AFM
images show that the rims are higher than the surrounding area,
these structures resemble nanovolcanoes. Furthermore, the onset of

top-level ablation and full-ablation are shown by their respective
edges. The yellow rectangles and arrows in Figs. 4(a)–4(f ) indicate
the locations of the zoomed-in SEM images.

For the 8 and 10 nm layers, nanovolcanoes start to form on the
inside of the blue ellipses as indicated in Figs. 3(a) and 3(b). From
here, they increase in number and size until the vents of the
nanovolcanoes cover (almost) the entire area [Figs. 4(g), 4(m),
4(h), and 4(n)]. From here on, no ruthenium is left and full-
ablation is reached. Figure 3(g) shows a schematic drawing of
the nanovolcano formation over the ruthenium layer and its
full-ablation.

For the 20, 25 and 40 nm thick (nominal) ruthenium layers,
top-level ablation occurs [Figs. 4( j)–4(l)]. The corresponding
top-level ablation edge is indicated by the orange semi-ellipses
in the dark-field images [Figs. 3(d)–3(f )]. Between this edge and
the full-ablation edge (green ellipses), the top layer of the ruthe-
nium is missing. Here, only a few nanovolcanoes can be seen
[Figs. 4( j)–4(l)], which are often positioned closer to the top-
level ablation edge than the full-ablation edge [Figs. 4(p)–4(r)].

For a ruthenium nominal thickness of 15 nm, no top-level
ablation has occurred [Fig. 4(i)]. However, a slightly elevated edge
is observed and is positioned slightly outside the blue ellipses at the
dark-field image in Fig. 3(c). Since such an elevation is not
observed in the thinner layers, and top-level ablation is observed in
the thicker ones, the 15 nm thick (nominal) layer seems to repre-
sent a transition layer thickness for the appearance of top-level
ablation. Additionally, a fair number of nanovolcanoes are present
around the elevation edge. However, the number of nanovolcanoes
and sizes decrease when moving closer to the full-ablation border,
which looks similar to that for thicker layers.

B. Threshold fluences and Liu-analysis

With dark-field microscopy, the outer edges of the areas A
spanned by the identified damage mechanisms (see Fig. 4) were
obtained. When a damage mechanism is bounded by a certain
threshold fluence Fth, A and ln F0ð Þ should follow the linear relation
A ¼ a ln F0ð Þ þ b [see also Eqs. (2) and (3)] for Gaussian beams
with a peak fluence F0.

21 In Fig. 5, the area A spanned by the outer
edge of a damage mode vs ln F0ð Þ, the so-called Liu-plots, are
plotted for all six samples. The blue, orange, and green data points
and their linear fits indicate nanovolcano formation, or top-level
ablation, and the full-ablation respectively. The linear fits intersect
the horizontal axis at ln Fthð Þ, where Fth is the corresponding
fluence threshold of the corresponding damage mechanism [see
Eq. (3)]. The fits are obtained by a recursive RANSAC approach.24

Note that only the linear fits corresponding to nanovolcano forma-
tion (blue), top-level ablation (orange), full-ablation (green), and
their corresponding data points are shown and are marked accord-
ing to their color. In Fig. 7 of the supplementary material, this
figure is shown including other damage mechanisms as well. At
Fig. 5(a), the blue dashed line indicates that FNV, the nanovolcano
formation threshold fluence, is obtained by inspecting SEM images.
SEM was used because of the low contrast of the nanovolcano for-
mation onset in the dark-field images. Therefore, no nanovolcano
formation edges were extracted from the dark-field images, and
therefore, no blue data points are visible in Fig. 5(a). The top-level
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FIG. 2. Relative reflection change ΔR vs peak fluence F0 for (nominal) 8, 10, 15, 20, 25, and 40 nm ruthenium on borosilicate glass substrates. Only the threshold fluen-
ces for three damage mechanisms, as identified by SEM, for each layer thickness are shown by the vertical lines. The blue vertical lines indicate the fluence threshold for
nanovolcano formation in (a)–(c), and the orange lines in (d)–(f ) indicate the top-level ablation threshold fluence. In all figures, the green lines mark the full-ablation thresh-
old fluence. The corresponding uncertainty in these values is indicated by the lighter band around each vertical line, which is due to their small widths, only visible in the
insets.
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and full-ablation edges curl up as is visible in the SEM images
Figs. 4( j)–4(l) and Figs. 4(o)–4(r) respectively. In the dark-field
microscopy images, the entire curled up zone results in a bright
annulus. Increasing the exposure time and brightness of the micro-
scope light source can appear to widen this annulus even further.
Each annulus has an inner and outer contour in the dark-field
images as shown in Figs. 3(h) and 3(i). Therefore, pairs of the
orange and/or green linear fits are shown in Figs. 5(d)–5(f ), where
each fitting pair represents the inner and outer contour of an
annulus. We define the corresponding top-level or full-ablation
threshold fluence (Fth) to lie exactly in the middle between the
inner and outer contour. Therefore, Fth is obtained by averaging
the fit parameters of the two corresponding fits. Here,
Fth � exp �(bi þ bo)=(ai þ ao)ð Þ, where ai and ao are the slopes
and bi and bo the offsets of the Liu-fits corresponding to the
inner and outer contour. The FWHM of the beam, d, is retrieved
by using Eq. (3) with ath ¼ 1

2 (ai þ ao). Since these values for d are
close to the measured ones, this suggests that the above assump-
tion is valid.

All damage thresholds Fth for nanovolcano formation, top-
level ablation, and full-ablation are indicated by the blue, orange,
and green vertical lines in the ΔR vs F0 plots of Fig. 2 as well. At
every fairly abrupt change in the slope of ΔR in Fig. 2, a fluence
threshold Fth was found (see Fig. 7 of the supplementary material).
This is a further indication that such abrupt changes mark different
damage mechanisms. The increased reflectivity, nanovolcano for-
mation, top-level, and full-ablation will be discussed in further
detail in Secs. III C and III D, whereas all other damage mecha-
nisms are briefly described in Figs. 3 and 5 of the supplementary
material only. Note that not all fluence thresholds have been
obtained by Liu-analysis since not all damage mechanisms create a
big enough contrast in the dark-field images. These additional
thresholds are obtained by estimating the position of the damage
edge from SEM images and subsequently calculating the local
fluence at those borders based on the known beam profile. In
Table II of the supplementary material, an overview of all obtained
thresholds and damage mechanisms can be found, as well as their
corresponding SEM images.

FIG. 3. (a)–(f ) Dark-field microscopy pictures of single pump-shot illumination of 8, 10, 15, 20, 25 and 40 nm thick (nominal) ruthenium layers on borosilicate glass. At
each picture, all damage mechanisms are present since the pump fluence is above the full-ablation thresholds (F . FFA). Therefore, for all six layer thicknesses, the most
inner damage edge is at a fluence level where full-ablation starts to occur (green). At the right half of each picture, semi-ellipses are drawn, indicating the onset of nanovol-
cano formation (blue), top-level ablation (orange), and full-ablation (green). In (d)–(f ), each pair of neighboring dashed red contours is obtained from our analysis and
corresponds to the inner and outer side of the white bright rim, which represents the top-level and full-ablation edges. The position of these respective ablation edges is
defined to be in between each pair, as schematically shown in (i). Nanovolcanoes are found in the region between the blue and green ellipses, top-level ablation between
the orange and green ellipses, and full-ablation inside the green ellipses. (g) and (h) Schematic drawings of the cross sections of 8 and 10 nm (g) and in 20, 25 and
40 nm (h) thick (nominal) ruthenium layers.

Journal of
Applied Physics

ARTICLE pubs.aip.org/aip/jap

J. Appl. Phys. 136, 245305 (2024); doi: 10.1063/5.0233239 136, 245305-6

© Author(s) 2024

 17 January 2025 09:41:12

https://doi.org/10.60893/figshare.jap.c.7577342
https://doi.org/10.60893/figshare.jap.c.7577342
https://doi.org/10.60893/figshare.jap.c.7577342
https://doi.org/10.60893/figshare.jap.c.7577342
https://pubs.aip.org/aip/jap


C. Morphology

Figures 6(a) and 6(b) show optical dark-field microscopy and
SEM images of a site on a 10 nm thick (nominal) ruthenium layer,
illuminated just above the nanovolcano threshold fluence (FNV).

Figures 6(a) and 6(b) are the dark-field and SEM overview images
of the entire damaged site. Both show a bright center, which is
the area where the nanovolcanoes are present. The red rectangle
marks the position where the zoomed-in SEM and AFM images

FIG. 4. SEM images of 8, 10, 15, 20, 25 and 40 nm thick (nominal) ruthenium layers on borosilicate glass illuminated above the full-ablation damage threshold. The
arrows that point at the small yellow rectangles in (a)–(f ) indicate the location of the zoomed-in images shown on the right (g)–(r). Nanovolcanoes and/or top-level ablation
edges are shown in (g)–(n), whereas (m)–(r) are taken at the full-ablation edges.
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FIG. 5. Liu-plots of single pulse laser damage experiments on 8, 10, 15, 20, 25 and 40 nm thick (nominal) ruthenium layers on borosilicate glass, obtained by inspecting
dark-field images. Blue, orange, and green linear fits are shown corresponding to the onset of nanovolcano (NV), top-level (TLA), and full-ablation (FA) respectively.
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[Figs. 6(c) and 6(d)] were taken. Here, each nanovolcano can be
identified by its round center (vent) and by the rim. These are indi-
cated by the dark and bright color respectively in SEM, and by
their height in the AFM height profile. The vent diameter varies
between �60 and 160 nm here. Figures 6(e)–6(g) are the height
and phase profiles of the area marked by the white rectangle in
Fig. 6(d). In the SEM image, the volcanoes are evident as dark
circular features in the ruthenium layer. In the nanovolcano
vents, the AFM image shows a negative height indicating that

material is indeed missing. These vents are bordered by a few
nanometers higher rim, and in most cases, the substrate in the
vents is exposed.

In Figs. 7(a) and 7(b), the height and phase profile of a single
nanovolcano obtained by AFM are shown. Here, a dashed line indi-
cates where the height and phase cross sections are taken, that are
plotted in Figs. 7(c) and 7(d). Around each nanovolcano vent, a
higher rim is formed. For fluences between FNV and a bit below
FFA, the missing volume of the vent corresponds to the volume of

FIG. 6. (a) Dark-field microscopy images of a single damaged site on a 10 nm Ru film on borosilicate glass. The site was illuminated with a single pulse with a fluence
above the nanovolcano formation threshold (FNV). (b) SEM image of the whole damaged site. After laser exposure, markers have been made in the ruthenium layer by a
focused ion beam (FIB) to help find locations on the damaged spot to be imaged using an AFM. The inset of (b) shows one set of FIB markers composed of two lines
and two (very small) triangles. In total, six of those FIB marker sets, that are positioned next to each other, are shown in (b). Both (a) and (b) show a bright center, the
area where the nanovolcanoes have formed. The red rectangle marks the position of the zoomed-in SEM and AFM images [(c) and (d)]. (e) and (f ) are the height and
phase profiles of the area marked by the white rectangle, and (g) shows the 3D height profile overlayed with the phase.
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the rim, indicating that no material is missing. However, for nano-
volcanoes with a local fluence relatively close to the full-ablation
threshold, up to �35% less material is present. This means that
already some material is ablated before reaching the full-ablation
threshold fluence FFA (see Sec. V of the supplementary material).
Note that Fig. 7(c) is a cross section of a nanovolcano, at which
the rim and vent area are visible. These areas are not equal, but
their volumes are approximately equal. This is because the rim is
positioned further away from the center of the nanovolcano and,
therefore, has a larger circumference than the vent.

In the vents, the bottom is relatively flat [see Fig. 7(c)] and is
of the same depth as the other nanovolcanoes in the same Ru layer.
Additionally, when the AFM tip reaches the bottom, there is a big neg-
ative jump in the phase signal as can be seen in Figs. 7(b) and 7(d).
The flatness and alignment of the vent bottoms combined with the
observed big phase jumps suggest that the glass substrate is exposed.

An EDX scan covering multiple nanovolcanoes, shown in Fig. 8,
further demonstrates that there is no significant amount of ruthe-
nium present in the nanovolcano vents. We note that SEM images
(see Fig. 4 of the supplementary material) show that crack lines
seem to run through all nanovolcanoes. Additionally, as is visible
in the SEM image of Fig. 6(c), the nanovolcanoes are not evenly
distributed, but seem to be grouped along lines. However, this is
only clearly visible in SEM images with a higher spatial resolution
in which it can be seen that these ragged lines correspond to cracks
that run along the ruthenium surface. These cracks already form at
lower local fluences, whereas nanovolcanoes start to form at higher
fluences. This suggests that, for increasing fluence, cracks form
first, followed by nanovolcanoes which form along those crack
lines. We note that in Fig. 7(a), a crack also runs through the
volcano but this is difficult to see due to the limited AFM spatial
resolution.

FIG. 7. High-resolution AFM height (a) and phase profile (b) scan of a single nanovolcano. (c) and (d) correspond to cross sections along the horizontal dashed lines
visible in (a) and (b). Around each nanovolcano vent, a higher rim is formed. A crack also runs through the volcano but this is difficult to see due to the limited AFM
spatial resolution. The black arrows in (a) point at the parts of the crack that run through the volcano rim (see also the SEM images in Fig. 4 of the supplementary
material). The nanovolcano is at the same illuminated site as presented in Fig. 6, but positioned approximately 7 μm to the right of Figs. 6(e)–6(g), at a position where the
fluence is lower.
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D. Optical changes and formation mechanism

As demonstrated by the in situ probe measurements (Fig. 2)
of the sites illuminated with a single laser-shot, the first change in
the reflected signal is a small increase in reflectivity at relatively low
fluences. The onset of this reflectivity increase lies at a fluence level
where neither nanovolcano formation nor top-level ablation have
yet occurred. Both these damage mechanisms are first observed at
significantly higher fluences than the fluence where the reflectivity
increase occurs. Neither mechanism can therefore be directly
responsible for the observed reflectivity increase. However, there
are additional arguments why nanovolcano formation and top-level
ablation cannot explain the subtle reflectivity changes observed at
low fluences. Nanovolcanoes, as seen by the dark-field images in
Fig. 3, clearly scatter light in all directions. This would lower the
amount of specularly reflected light rather than increase it. For top-
level ablation, a significant top part of the ruthenium layer has
been removed. Optical multilayer calculations, using the transfer
matrix method,25 of Ru on glass show that this thinning of the
layer would lead to a decrease of the optical reflectivity (see Fig. 8
of the supplementary material).

To learn more about the possible causes of the small reflectiv-
ity increase, we have also performed Electron Backscatter
Diffraction (EBSD) to measure the crystallinity of the Ru layers
after exposure to a single laser pulse. Since our Ru layers are poly-
crystalline, EBSD allows us to obtain grain size and orientation at
various locations within an illuminated spot. Figure 9(a) shows a
dark-field image of a single-shot illuminated site on a 8 nm thick
(nominal) layer of ruthenium. Here, the red rectangles mark the
locations of the obtained EBSD-scans as shown in Figs. 9(c)–9(g),
and Fig. 9(b) is a scan of a pristine site used as a reference. The
local fluences of each EBSD-map are in the ΔR . 0 regime but
below the nanovolcano formation threshold. From Figs. 9(d)–9(g),
it is clear that for Flocal . 77mJ=cm2, the grain size increases with
respect to the pristine material [Fig. 9(b)]. Note that a light ring is
visible in the dark-field image. Here, a band with relatively big
grains with a (0001) Ru-structure can be found, which may con-
tribute to a positive ΔR. However, its formation mechanism is cur-
rently unknown. Since the grain size of the pristine ruthenium is
smaller than our spatial resolution, individual grains on Figs. 9(b)
and 9(c) and the right side of Fig. 9(g) cannot be resolved. At the

FIG. 8. (a) SEM image of part of an illuminated site on a nominally 10 nm thick ruthenium layer on borosilicate glass. (b)–(d) are the corresponding EDX maps of Ru, Si
and O respectively, where the scaling of the colormap is optimized per element. Note the near absence of Ru in the volcano vents. Although difficult to see, in the vents,
the Si and O signals are slightly higher, which is due to the direct probing of the substrate. Elsewhere, the signal is partly blocked by the Ru layer.
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fluence level that corresponds to scan Fig. 9(c) however, ΔR . 0, so
it is very likely that the grain size increased here too, however not
exceeding our spatial resolution (�30 nm). For recrystallization to
take place, the ruthenium has had to reach the melting temperature
(Tm ¼ 2606K at atmospheric pressure) first. Additional two-
temperature model (TTM) calculations are performed to obtain Fm,
the fluences for which Tm is reached (see Fig. 6 of the
supplementary material). Here, Fm is lower than fluences for which
nanovolcano formation and top-level ablation occurs, which indi-
cates that recrystallization takes place after reaching the melting
threshold. Increasing the grain size leads to a bigger mean free path
of the electrons oscillating in response to the electric field of the
probe, which will decrease the resistivity of our ruthenium layer
and increase reflectivity.15,26,27 Therefore, it is highly probable that
the nano-structural change in grain size is directly responsible for
the small reflection increase we observe in the measurements.
Interestingly, this is similar to what we observed recently for alumi-
num, although for Ru, the pristine grain size is considerably
smaller. In some places nanovolcanoes form, indicating that Ru has
flowed creating a rim. These volcanoes are surrounded by topograph-
ically flat molten and subsequently recrystallized ruthenium.

The question remains what physical mechanism causes the
formation of nanovolcanoes and top-level ablation. In Ref. 14, it
was reported that, at high fluences, fast energy deposition in a sub-
surface layer leads to two-level ablation. Here, the top-layer is
ablated as a gas–liquid mixture, whereas the bottom-layer is ablated
via a cavitation process. However, for somewhat lower fluences,
only the top-layer is ablated (top-level ablation), whereas the
bottom-layer is still present on the surface. Therefore, the structure
of this bottom-layer may have been changed perhaps giving rise to
the formation of frozen cavities as reported in Ref. 14. Our mea-
surements show that top-level ablation occurs in ruthenium layers
of �20 nm and thicker, which is accompanied with a fairly low
number of isolated nanovolcanoes. However, for thinner layers,
there is no top-level ablation and instead, nanovolcano formation is
prevalent. For the 8 and 10 nm layers, the nanovolcano number
density and size increase for higher local fluence. Here, the nano-
scale morphology of the substrate may play a role. Some evidence
for this is obtained by illuminating a 8 nm ruthenium layer depos-
ited on a borosilicate glass substrate that was lightly scratched with
sanding paper, before cleaning the substrate in a sonic bath and
base piranha solution. After deposition of the Ru, the scratch lines

FIG. 9. (a) Dark-field microscopy image of a single-shot-illuminated site of an 8 nm thick layer of ruthenium on borosilicate glass. The red rectangles indicate the locations
of the EBSD-maps [(c)–(f )]. Here, the local fluences are below the threshold fluence for nanovolcano formation (Flocal , 104mJ=cm2) in the fluence regime, where
ΔR . 0. The average values for Flocal of each map are indicated at the corresponding EBSD image. The inverse polar figure maps show the crystal direction, which is the
direction normal to the sample. Each color corresponds to the direction in the range between (0001), (10�10), and (2�1�10) according to the triangle legend in the bottom
right of the figure.
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are visible by SEM as is shown in Fig. 10. Here, the SEM images
clearly show that the nanovolcanoes tend to grow along those lines.
This suggests that the roughness facilitates their formation, perhaps
by increasing the local optical near-field, enhancing the probability
of their formation at these locations.

In view of the use case scenarios for metrology applications
related to wafer alignment, any form of light-induced material
change has to be avoided. We found that this happens to be the
fluence for which the smallest measurable increase in reflectivity
occurs in response to a pump laser pulse. Theses fluences are sum-
marized in Table II for the different Ru layer thicknesses.

IV. CONCLUSION AND SUMMARY

We studied optical changes in 8 to 40 nm thick ruthenium
films on various substrates induced by a single ultrafast laser pulse.
For fluences below the full-ablation damage thresholds, for all Ru
nominal thicknesses we studied, the reflectivity initially increases by
a few percent. We have determined the damage threshold fluence at
which the smallest measurable material change occurs (Table II).
When the fluence increases further, the reflectivity shows fairly
abrupt changes for samples with nominal layer thicknesses of 15 nm
and higher. Additionally, at fluences below full-level ablation, differ-
ent morphological changes such as nanovolcano formation and top-
level ablation are observed. The nanovolcanoes appear to have been
formed by molten Ru that has locally been pushed outward and has
flowed over the surrounding area. Furthermore, nanovolcanoes
appear to be positioned on crack lines in the Ru. In top-level abla-
tion, only the top part of the ruthenium layer is ablated whereas the
lower part still remains on the substrate, which occurs in ruthenium
layers of 20 nm thickness (nominal) and more. Here, a concentration
of nanovolcanoes is located around the top-level ablation edge.

Neither top-level ablation nor nanovolcano formation can
explain the small increase in reflectivity at low fluences directly.
Instead, using Electron Backscatter Diffraction, we find that Ru
grains have melted and resolidified into bigger ones, most likely
giving rise to the small increase in reflectivity by the accompanying
increase in the mean free path of the electrons. This is similar to
what was observed for thin Al films15 and suggests that there may
be more metals for which this occurs. For optical metrology in
semiconductor device manufacturing, subtle light-induced changes
in the reflectivity, due to changes in conductivity and morphology,
may serve as early warning signals to prevent catastrophic damage.
Particularly in ruthenium, the good nanoscale electrical conductiv-
ity may be influenced by the light-induced grain size change.
Therefore, at low fluence regimes, where small optical changes
occur well below any catastrophic damage, the functionality of
semiconductor devices may already be affected.

SUPPLEMENTARY MATERIAL

See the supplementary material for supporting content,
including a Sample overview, Beam profile and alignment,
Ruthenium threshold overview, Calculations and the Statistical
analysis of the nanovolcanoes.
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FIG. 10. SEM images of a site on an 8 nm (nominal) thick Ru layer deposited
on a 0:5 mm thick scratched borosilicate glass substrate, and illuminated with
a single pump pulse. The substrate is scratched by sanding paper and
cleaned in a sonic bath and a base piranha solution before ruthenium deposi-
tion. Nanovolcanoes form predominantly along the scratch lines as is shown
by the bright lines in the SEM image in (a) and from the zoomed-in section
shown in (b).

TABLE II. Overview of the threshold fluences at the smallest measurable increase
in reflectivity.

Thickness (nm)

Nominal Measured Fth (mJ/cm2)

8 9.2 23 ± 10
10 11.6 62 ± 30
15 17.2 28 ± 15
20 23.0 66 ± 30
25 28.8 54 ± 40
40 45.9 93 ± 30
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