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ABSTRACT

We describe a method that can be used to produce ruthenium/ruthenium oxide patterns starting from a ruthenium thin film. The method is
based on highly localized oxidation of a small surface area of a ruthenium film by means of exposure to a pulsed laser under ambient
conditions. Laser exposure is followed by dissolution of the un-exposed ruthenium in a NaClO solution, which leaves the conductive, partially
oxidized ruthenium area on the substrate. Spatially selective oxidation, material removal, and, by implication, patterning, are, therefore,
achieved without the need for a photoresist layer. Varying the exposure laser parameters, such as fluence, focus diameter, and repetition rate,
allows us to optimize the process. In particular, it enables us to obtain circular Ru/RuO, islands with a sub-diffraction-limited diameter of
about 500 nm, for laser exposure times as short as 50 ms. The capability to obtain such small islands suggests that heat-diffusion is not a limit-
ing factor to pattern Ru by laser heating on a (sub-)micron scale. In fact, heat diffusion helps in that it limits the area where a sufficiently
high temperature is reached and maintained for a sufficiently long time for oxidation to occur. Our method provides an easy way to produce
metallic Ru/RuO, (sub-)micron structures and has possible applications in semiconductor manufacturing.

© 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/10.1063/5.0205538

In recent years, ruthenium (Ru) has appeared as a promising
candidate to replace more conventionally used metals, such as Cu and
W in semiconductor device manufacturing.' ~ A prerequisite for many
applications in this field is the capability to produce patterned Ru
structures on (sub-)micrometer scales. In optical lithography, struc-
tures are usually created by first applying patterned illumination of a
photoresist layer deposited onto a substrate. Subsequent removal of
the exposed regions of the resist, followed by material deposition, etch-
ing, and other steps, is needed to create the pattern.” Other methods to
fabricate patterns are e-beam lithography,” electron beam induced
deposition,” selective area atomic layer deposition,”® or rheology
printing,”

Here, we show how direct laser writing can be used to pattern
Ru without the need for a photoresist. In our method, ultrashort
laser pulses are focused to a small spot on a Ru thin film under
ambient conditions. Partial absorption of the light by the Ru
increases the local temperature and locally oxidizes the surface of

the film. Subsequent etching of the layer using a NaClO solution
removes the Ru except in the areas where the surface of the layer
has been (partially) oxidized. We find that after exposure times as
short as 50 ms, we can fabricate Ru/RuQO, islands with diameters as
small as 500 nm. This is three to four times smaller than the focal
diameter of the laser beam and, in fact, below the diffraction limit
of the optical system. From an application perspective, this capabil-
ity is particularly interesting for the semiconductor manufacturing
industry. Creating these structures requires that the local thermal
energy at the Ru surface is larger than the threshold energy needed
for oxidation for a sufficiently long time. By adjusting the laser
pulse energy, reaching this threshold energy can be limited to the
most central part of the Gaussian spatial beam profile, thus creat-
ing oxidized areas significantly smaller than the full width at half
maximum of the focused beam. Our method constitutes a very
simple technique for producing Ru/RuO, structures with sub-
diffraction limited features.
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We deposited the ruthenium thin films by magnetron sputtering
at an argon plasma pressure of 2 x 10~> mbar. Both glass and silicon
were used as substrates. The substrates were chemically cleaned using
a solution of ammonium hydroxide (NH,OH) with hydrogen perox-
ide in water and, after that, rinsed in isopropanol.

The calculated penetration depth of light for ruthenium on glass
as well as absorbed and reflected fractions of 800 and 1030 nm light
are provided in Appendix A.

The Ru/RuO; islands were fabricated by first exposing the ruthe-
nium samples to laser light. Subsequently, the samples were immersed
in a 3%-7% NaClO solution in water. This step causes the un-exposed
ruthenium to dissolve, leaving the areas partially oxidized by the laser
on the substrate. After that, the samples were first rinsed in demineral-
ized water and subsequently in isopropanol to facilitate the drying.

Figure 1(a) is a scanning electron microscopy (SEM) image of a
Ru/RuO, island obtained by exposing a 50nm thick Ru-on-silicon
sample to a 70 fs, 800 nm wavelength 5.2 MHz repetition rate laser for
15 s, focused to a diameter of about 8 um. The sample was then rinsed
in the NaClO solution for 720 s. We found that a minimum rinse time
is required to remove the Ru layer and that longer times are necessary
for thicker films. However, once the un-exposed layer is dissolved,
rinsing for times up to several hours does not have a significant influ-
ence on the island. The island shown in Fig. 1(a) has an approximately
round shape and a small diameter of approximately 9 um.

In Fig. 1(b), we show a photograph of a set of large Ru/RuO,
islands obtained with a weakly focused laser beam. The islands have a
shiny metallic look and the surrounding area of the glass substrate
appears clean.

We chemically characterized the islands by performing x-ray
photoelectron spectroscopy (XPS). This was done on a large island
obtained from an 8 nm thick Ru sample on glass, exposed to the laser
and rinsed in NaClO. The results (Appendix B, Fig. S1) show that our
method produces a partially oxidized Ru film, similar to the one we
described previously.'” This film is a partially oxidized Ru layer in
which the oxide is in the rutile phase. By extracting the average oxide
thickness from the XPS measurements using the flat overlayer approxi-
mation,'" we found that oxide thicknesses as low as 2.4 nm are already
sufficient to prevent the laser-exposed area from being removed by the
NaClO solution. If the same measured XPS intensities are used within
the hypothetical high-roughness limit of Ru/RuO, core-shell par-
ticles'” assembled into a layer, this number decreases to 1.4nm. It is

FIG. 1. (a) SEM image of an island obtained with the 5.2 MHz repetition rate laser
focused to a spot with a diameter of about 8 um. This island has a diameter of
approximately 9 um. (b) Photograph of a set of Ru islands on a glass substrate,
placed on a piece of paper with a rectangular fold, illustrating the high optical reflec-
tivity of the islands.

pubs.aip.org/aip/apl

possible that even thinner rutile-phase RuO, layers may prevent etch-
ing of the Ru in the NaClO solution, but this has not been tested

To gain information on the island-formation process and to find
the optimal exposure parameters to create the smallest spots, Ru layers
with thicknesses of 8 and 20 nm on a glass substrate were exposed to
the same 5.2 MHz-repetition rate laser at different fluences.
Throughout this paper, fluence is defined as the single-pulse energy
divided by the FWHM area of the laser spot, although exposure is per-
formed with multiple pulses. After exposure, the samples were rinsed
with the NaClO solution for 90 s (8 nm) and 210 s (20 nm).

Optical microscopy images of two islands obtained on these sam-
ples after exposure to a 9.5 mJ/cm” fluence are shown in Fig. 2(a). The
observed diameter is approximately 16 um for the 8nm film and
13 um for the 20nm film. The island obtained from the 8 nm film
does not have sharply defined edges. This is also the case for the islands
obtained with higher exposure fluences, which results in larger error
bars for the areas extracted from this sample.

To learn more about the process resulting in the formation of Ru/
RuO, islands, we performed a Liu analysis."” This analysis is valid for
laser-induced processes occurring at fluences exceeding a certain
threshold and when the laser beam profile is Gaussian. Often, in these
cases, the area of a laser-induced material modification scales linearly
with the natural logarithm of the fluence. When these conditions are
satisfied, it is possible to extract the threshold fluence at which the
islands are formed by extracting the fluence level where the island area
is zero from a linear fit to the data.

The Liu plots, obtained from optical microscopy images similar
to the ones shown in Fig. 2(a), are shown in Fig. 2(b). For both the
8 nm and the 20 nm thick films, the figure clearly shows that the area
of the islands does not scale linearly with the logarithm of the exposure
fluence. The vertical lines in the plot indicate the fluence beyond which
optical microscopy images show a darker region in the center of the
island. This was identified as an ablated region. The lines are located at
a fluence of 17 mJ/cm? for the 8 nm thick film and 23 m]J/cm? for the
20nm thick film. We note that melting can already occur at fluence
levels somewhat below the damage threshold. The effect of melting on
the formation of the oxide is at present unknown. Understanding the
effect of ruthenium melting on the island formation process is an inter-
esting question. However, given the high melting temperature of
ruthenium (2603 K), it might not be as relevant from an application
point of view as it increases the risk of damaging the material under-
neath the ruthenium and is, therefore, beyond the scope of this paper.
Fluences below the range reported in Fig. 2(a) were also tested, but no
islands were observed. This applies also to the other Liu plots pre-
sented in this work.

Since the spots obtained for thicker films produced more uniform
and smaller islands, we also tested our method on 50-nm-thick Ru
samples for two different exposure times: 5 and 15 s. After exposure,
the samples were rinsed in the NaClO solution for 390 s. Note that the
thickness of 50 nm was chosen more or less randomly and, for applica-
tions in the semiconductor manufacturing industry, it would also be
interesting to test our method with even thicker films, up to 100 nm,
although we expect to obtain similar results.

Selected microscopy images of islands are shown in Fig. 2(c) for
both exposure times. These islands were obtained with an exposure
fluence of 9.5 mJ/cm?. Their diameters are 7 um (5 exposure) and
9 um (15 s exposure), close to the illumination spot size (~ 8 ym).

Appl. Phys. Lett. 124, 171902 (2024); doi: 10.1063/5.0205538
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FIG. 2. (a) Optical microscopy images of the islands relative to the Liu plot in the sub-figure (b). (b) Liu plot of the RuO,/Ru islands obtained after 15 s exposure of 8 (blue) and
20 nm (green) Ru films on glass to the high repetition rate, 800 nm laser. The dashed vertical lines correspond to the measured ablation thresholds. (c) Optical microscopy
images of the islands relative to the Liu plot in the sub-figure (d). (d) Liu plot obtained from a 50 nm Ru film on glass exposed for 15 s (black) and 5 s (red) to the high repetition

rate, 800 nm laser.

The Liu plots obtained for the 5 s (red) and 15 s (black) exposure
times are shown in Fig. 2(d). Both curves are similar to the ones
obtained for the 8 and 20 nm samples, showing super-linear depen-
dence on the logarithm of the exposure fluence. For each fluence, the
red curve indicates that, overall, a 5 s exposure leads to smaller areas
than the ones obtained with the 15 s exposure.

The non-linearity of the Liu plots is an indication that in-plane
heat transport may affect the island size. Additional evidence of in-
plane heat transport is the observation of islands with an area much
larger than the laser spot size, at high exposure fluences. Optical
microscopy images of such areas, with a diameter of approximately
80 um (ten times larger than the exposure spot diameter), are shown
in Appendix C, Fig. S2.

The above-mentioned fact suggests that varying the number of
laser pulses, as well as the time interval between them, has an influence
on the formation of the Ru/RuQ, islands. Furthermore, smaller islands
could be achievable by tighter focusing. For this reason, we tested our
method with a lower repetition rate laser capable of generating a vari-
able number of pulses. The laser delivers 200 fs pulses at a 1030 nm
central wavelength with a repetition rate of 200 kHz. This source was
focused onto the sample to spots with a diameter of approximately
2 pum. This system is described in more detail elsewhere."*

Figure 3(a) is an optical microscopy image of a typical grid of
islands obtained using the aforementioned illumination system on a
50 nm Ru film on glass. Each spot was exposed to different numbers of
laser pulses at a (single-pulse) fluence of 18.2 mJ/cm?. The number of
pulses increases in a “meandering” fashion from the top-right corner
of the image to the bottom-right one and is varied from 1 to 50 000.

The islands are remarkably small: most of them have sub-micrometer
diameters and none of them exceeds the illumination spot size by
more than a few percent.

The size of one the smallest islands that we could obtain with the
low repetition rate laser is estimated by performing SEM. In addition,

FIG. 3. (a) Optical microscopy image of a grid of Ru/RuO, islands on silicon
obtained with a 2 um beam diameter of the 200 kHz repetition rate, 1030 nm laser.
(b) SEM image of a typical island. (c) Cross-sectional SEM of an island viewed at
an angle of 52°. (d) Detail of the region highlighted by the yellow square in image
(c), showing that the amount of under-etching is limited to a distance of ~35nm
from the edge of the island.
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this allows us to characterize the island morphology. As SEM on glass
is complicated by charge accumulation, we fabricated islands on a
50 nm Ru film on silicon, for which charging is not an issue.

A typical SEM image of one of the smallest islands that we
obtained is shown in Fig. 3(b). The central Ru/RuO, region has an
exceptionally small diameter of approximately 500 nm, four times
smaller than the diffraction limit of the objective used to focus the
laser. The central area is surrounded by an additional region having a
different appearance and approximately the same diameter as the illu-
mination beam.

In an attempt to identify the content of the region surrounding
the central island, we performed energy-dispersive x-ray spectroscopy
(EDX)."” The results, presented in Appendix D, Figs. S3 and S4, show
the presence of Ru but no other potential contaminants, such as
sodium or chlorine. We note that this region is not affected by addi-
tional rinsing in the NaClO solution or by varying the NaClO concen-
tration between 2% and 5% and 6%-14%.

To learn more about a typical Ru/RuO, island morphology and
to determine the amount of under-etching, we performed cross-
sectional SEM imaging on an island obtained from a 50 nm thick Ru
film on Si, exposed to the 200 kHz laser focused to a 2 um spot size.
This was done by first depositing a layer of platinum over the island
and by subsequently removing a section of the island with a focused
ion beam (FIB). The Pt layer facilitates the attainment of sharp edges
in the FIB cut. The resulting image, recorded by orienting the sample
at an angle of 52° with respect to the detector, is shown in Fig. 3(c).
The island has a ~2 yum diameter and a flat cross section. Figure 3(d)
is the high magnification image of the area inside the yellow square in
Fig. 3(c). Here, it can be seen that the under-etching is limited to a dis-
tance from the edge of ~35 nm.

Liu plots of the islands obtained by exposing 50-nm-thick Ru
films on glass to different numbers of laser pulses from the 200 kHz
repetition rate laser are shown in Fig. 4(a). The areas of the islands
were extracted from optical microscopy images similar to the one
shown in Fig. 3(a). Since the island size, in this case, is close to the reso-
lution limit of the optical microscope, the resulting areas have a large
error bar. Unlike the case of exposure to the 5.2 MHz repetition rate
laser (Fig. 2), the areas now depend approximately linearly on the loga-
rithm of the exposure fluence. Furthermore, at a given fluence, the
island area increases with an increasing number of pulses. In this case,
the fluence range was fine tuned in order to include fluences high
enough for island formation for many different numbers of pulses,
while keeping the fluence below the ablation threshold. This results in
a narrow fluence interval. The linearity of the Liu plots over a broader
fluence range is confirmed in Appendix E, Fig. S5.

The effect of exposure to different numbers of pulses is further
examined by performing a linear fit on a large set of Liu plots, similar
to those of Fig. 4(a) and by extracting the intercepts with the x axis.
This value corresponds to the (single-pulse) oxidation threshold-
fluence Fy, which is then plotted as a function of the number of pulses
in Fig. 4(b). This shows a modest linear decrease in F, from a value of
17.5 = 0.5 mJ/cm” for approximately 7000 pulses, down to a value of
16.1 = 0.5 m]J/cm® for 16000 pulses. From here, it keeps decreasing,
although with a lower slope. The cumulative effect of exposure to mul-
tiple laser pulses, therefore, becomes less important for N = 16 000.
We note that 10000 pulses corresponds to a total exposure time
of 50 ms.

ARTICLE pubs.aip.org/aip/apl
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FIG. 4. (a) Liu plot obtained from a 50 nm Ru film on glass exposed to the 200 kHz
repetition rate laser for different numbers of laser pulses. (b) Threshold fluences for
islands formation (Fp) as a function of the number of pulses. This quantity is
obtained from the intercepts with zero from the Liu plots similar to the one in (a).

To confirm that our process produces electrically conductive
samples, we measured the sheet resistance of an oxidized sample rinsed
in the NaClO solution, using the four-point probe van der Pauw
method'® and compared it with an as-deposited Ru sample, which has
a sheet resistance of 4.3 Q/sq. Oxidation was performed in an oven, in
order to oxidize the whole sample, which is necessary for the four-
point probe measurement, at 350°C at a 10~ * mbar O, atmosphere
for 75min. The sample was then rinsed in the NaClO solution for
390s. In this case, we obtained a sheet resistance of 8.6 /sq.: only a
twofold increase with respect to the pristine Ru sample. This result
shows that partial oxidation and subsequent immersion in the NaClO
solution do not cause a dramatic increase in resistivity and produce
conductive samples.

For both high- and low-repetition rate lasers, we observed the
effect of multiple-pulse exposure: with the 5.2 MHz repetition rate, we
found non-linear Liu plots and islands with an area largely exceeding
the illumination spot size; with the 200 kHz repetition rate laser, we
observed a dependence of the oxidation threshold fluence on the num-
ber of laser pulses. All of these effects could either be due to a (high)
temperature increase resulting from multiple pulse heat accumulation
in combination with in-plane heat transport, by an accumulation of
(single-pulse) oxidation steps, or by a combination of the two.

Heat accumulation is most likely to occur with the 5.2 MHz repe-
tition rate system due to the short time interval between the pulses
(192 ns) and the relatively long exposure times (5-15 s). In this case,
after each laser pulse, the illuminated area does not return to room
temperature before the arrival of the next one. This results in a high

Appl. Phys. Lett. 124, 171902 (2024); doi: 10.1063/5.0205538
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temperature increase which, together with in-plane heat transport,
produces a super-linear growth of the (partially) oxidized area as a
function of the logarithm of single-pulse exposure fluence, as observed
in Fig. 2.

The aforementioned mechanism is less likely to apply to the case
of the 200kHz repetition rate laser. In this case, the Liu plots are
approximately linear [Fig. 4(a)], and the island area does not exceed
the exposure area as dramatically. The accumulation effect manifests
itself as an increase in the island area at a fixed exposure fluence, for an
increasingly higher number of pulses, as well as a modest decrease in
the threshold fluence F, [Fig. 4(b)]. We attribute these features to
accumulation of oxidation: each laser pulse oxidizes a fraction of the
thickness of the illuminated area. The minimum fluence necessary to
oxidize a thick enough layer to prevent dissolution in NaClO, there-
fore, depends on the number of laser pulses. This process results in a
linear dependence of the island area on the logarithm of the exposure
fluence as in-plane heat transport does not seem to increase the island
size dramatically.

In conclusion, we have demonstrated a method for producing
conductive Ru/RuQ, islands. We obtained islands with a diameter as
small as 500 nm using a 2 pum beam diameter at a wavelength of
1030 nm. Our method can produce sub-diffraction limited island sizes,
which is somewhat surprising for a thermally driven process. We note
that, in principle, once the sub-diffraction-limited Ru/RuO, patterns
are obtained, the RuO, can be reduced back to Ru by exposure to
reducing agents, such as hydrogen gas at high temperatures.'”'®
Smaller features may be obtained by further fine tuning parameters,
such as laser wavelength, beam size, and exposure time. Finally, we
note that laser-induced oxidation should be taken into account in the
interpretation of pump-probe measurements on Ru'"'"*" and, possi-
bly, on other metals as well.”' Our measurements shed some light on
the circumstances under which this can occur.

See the supplementary material for the details regarding penetra-
tion depth and fraction of absorbed and reflected light for ruthenium
on glass; x-ray photoelectron spectroscopy measurements; optical
microscopy images of islands largely exceeding the illumination diam-
eter; energy-dispersive x-ray spectroscopy measurements; and Liu-plot
over an extended fluence range.
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