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Abstract

A mixed 2D (film) and 3D (nano-column) growth of ruthenium oxide has been
experimentally observed for thermally oxidized polycrystalline ruthenium thin films.
Furthermore in situ x-ray reflectivity upon annealing allowed the detection of 2D film growth
as two separate layers consisting of low density and high density oxides. Nano-columns grow
at the surface of the low density oxide layer, with the growth rate being limited by diffusion
of ruthenium through the formed oxide film. Simultaneously with the growth of the columns,
sub-surface high density oxide continues to grow limited by diffusion of oxygen or ruthenium
through the oxide film.
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Ruthenium thin films and its oxidized compounds raised great interest in many
applications in the recent years." Ru has turned out to be the most active catalyst in the
synthesis of ammonia,®® while RuO, has shown to be an excellent oxidation catalyst in
heterogeneous catalysis* and electrocatalysis.” Other applications for Ru thin films are as
bottom electrode in VLSI capacitors based on high dielectric materials,® or as capping layer
for optics designed for extreme ultraviolet lithography (EUVL)"®° due to its low-oxidation
properties.'® Oxidation of monocrystalline Ru was extensively investigated during the last
decades. 1131415161718 pacently, oxide thin films and 3D clusters were observed during
thermal oxidation of single crystalline Ru.**?° For polycrystalline Ru no 3D clusters have
been seen, with only thin film oxide growth being observed.?"#?®

In this letter we report on the simultaneous 2D (thin film) and 3D (nano-column)
growth of ruthenium oxide experimentally observed for thermally oxidized polycrystalline
Ru thin films. Furthermore it is also found that the thin film oxide does not grow as a single
layer but a combination of two layers on top of each other.

To determine parameters of nanometer range thin films and dynamics of their growth
accurately, an in situ technique needs to be applied. Previously in situ spectroscopic
ellipsometry (SE) was used to study growth of thin RuO, films during thermal oxidation of
Ru.?*% However it should be noted that extracting information from SE involves
reconstruction of both optical constants and layered structure, a process which is often
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uniquely determined. We used in situ hard x-ray reflectivity measurements for monitoring
thermal oxidation of Ru thin films. The changes of the in-depth electron density distribution
were accurately determined from the changes of the reflectivity patterns during the thin film
growth. This provided us with information about densities, thicknesses and
intermixing/roughnesses of the formed RuOx and remaining Ru layers during the oxidation
process. Combining this with Auger electron spectroscopy, angular-resolved Xx-ray
photoelectron spectroscopy, atomic force microscopy, x-ray diffraction and high-resolution
transmission electron microscopy, we present a detailed description of surface and sub-
surface oxidation of the ruthenium thin films and propose a model for concurrent 2D and 3D
ruthenium oxide growth.

Ten nanometer thick Ru films were deposited onto natively oxidized super-polished
Si substrates using DC magnetron sputtering (1 x 10 mbar Ar) in a Ultra High Vacuum
(UHV) setup with base pressure <1 x 10° mbar. Since Ru and Si intermix upon
annealing,®?’ an additional 15 nm SiO, diffusion barrier was deposited on top of the Si
substrate before Ru deposition. SiO, was chosen for this purpose due to its low enthalpy of
formation of -910.7 kJ-mol™ ?® compared to -32.4 and -26.0 ki-mol™ for RuSi and Ru,Sis,
respectively.®® Layer thicknesses were monitored with quartz mass balances during
deposition and used as initial fit parameters for x-ray reflectivity analysis.

The deposited Ru films were thermally oxidized at temperatures between 150 to
500°C for different amount of time. X-ray reflectivity (XRR) measurements were conducted
in situ during annealing using a PANalytical Empyrean X-Ray diffractometer (Cu-Ka
radiation, 0.154 nm), equipped with an Anton Paar thermal stage.*® Before annealing, the
alignment of the sample position with respect to the impinging x-ray beam was performed
and a reference XRR reflectivity curve was recorded. After heating the sample to an elevated
temperature, the sample position with respect to the beam was realigned to correct for
thermal expansion and possible misalignment, and subsequent XRR scans were recorded
during annealing.

X-ray reflectivity curves were analyzed using the GenX software.*! A layered model
of the structure was composed that consists of the Si substrate, a SiO; layer, a Ru layer and an
oxide layer. Hard x-rays used will fully penetrate the films. However the reflectivity is
dominated by the interfaces with high optical contrast such as vacuum/RuOy, RuO,/Ru, and
Ru/SiO,. The SiO,/Si interface has very low optical contrast and does not affect the analysis.
The GenX program varied thickness, roughness and density of each of the layers in order to
minimize the differences between model simulations and experimental data. Layer
thicknesses and layer densities were determined with accuracies of +0.1 nm and +0.3 g-cm?,
respectively. As an example, measured and simulated XRR data for both an as deposited Ru
film, and a sample annealed at 400°C for 20 minutes are presented in Figs. 1(a) and (b),
respectively.
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FIG. 1. (Color online) Experimental (stars) and simulated (line) specular x-ray reflectivity (XRR) data for (a) an
as deposited sample and (b) a sample annealed at 400°C for 20 minutes. Left-bottom (a,b) inset shows the
layered model used for each simulation.

According to XRR of the as-deposited sample (see Fig. 1(a)), there exists a RuO,
layer of 0.6+0.1 nm on top of Ru. The presence of a monolayer (ML) of oxide on the as-
deposited sample was confirmed by XPS measurements. As a low-oxidation material,® Ru is
known to remain metallic, and only 1ML of oxide is typically chemisorbed at room
temperature.**#*33*3% With increasing temperature, the Ru layer oxidizes further and XRR
suggests a gradual growth of a low density oxide layer of approximately 6.0+0.3 g-cm™,
Above 325°C, XRR data cannot be modeled using a single low density oxide layer and there
is a need for a 2-layer oxide model to describe the thin film oxide growth (see Fig. 1(b)). In
this model, a low density (LD) RuO; layer is formed on top of a high density (HD) RuO,
layer, with LD and HD oxide densities being 5.3+0.3 and 6.8+0.3 g-cm™, respectively, which
corresponds to 70% and 100% of the bulk RuO, density. Angular-resolved photoelectron
spectroscopy (AR-XPS) confirms a gradation of the oxide film and indicates that the top part
of the layer is oxygen rich, suggesting a RuO,/RuO, (2<x<3) layer structure.

Fig. 2 (left-axis) shows an example of the oxide layer thickness (low density and high
density) and Ru consumption as derived from XRR, as function of annealing time at 400°C.
The low density RuO; layer (triangles) rapidly saturates at a thickness of approximately 3
nm, while the high density RuO, layer (circles) continues to grow. The Ru layer thickness
(squares) decreases over time, consistent with the consumption of Ru during formation of
RuO,, and is plotted as Ru loss in Fig. 2. The ratio of thicknesses between the total RuO,
formed (low density and high density) and Ru lost in time is plotted in Fig. 2 (right-axis,
stars) and shows a constant value of ~1.2. Distinctly, based on calculations assuming bulk
densities this ratio is expected to be 2.3. This surprising discrepancy has been resolved when
studying morphology of the sample surface with AFM, XRD and HR-TEM.
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FIG. 2. (Color online) Left-axis: RuO, thickness and Ru loss as a function of annealing time for 400°C. Low
density (LD) RuO, thickness (triangles), high density (HD) RuO, thickness (circles) and Ru loss (squares) are
plotted. Right-axis: ratio between total RuO, formed (summed low density and high density) and Ru loss as a
function of annealing time for 400°C (stars). The layer thicknesses were determined with the accuracy of +0.1
nm.

The top surface of the oxidized Ru surface was studied by atomic force microscopy
(AFM) for the samples annealed for 20 minutes at temperatures between 150 and 500°C. Fig.
3 shows the 1x1um AFM images for as deposited Ru (a), and 20 minutes annealed samples at
175°C (b), 200°C (c) and 300°C (d). The as deposited and 175°C annealed samples present a
similar root mean square (RMS) value of ~0.25 nm (see Figs. 3(a) and 3(b)). The surface
morphology start to change significantly when the samples are annealed at 200°C. 3D
columns appear at the surface and grow in size with increasing oxidation temperature (Figs.
3(c) and 3(d)). Line profiles along the lines indicated in Figs. 3(c) and 3(d) are presented in
Figs. 3(e) and 3(f) and show the evolution of the columns from an average height of 7 nm at
200°C to an average height of 30 nm at 300°C. High spatial resolution Auger electron
spectroscopy (AES) analysis has confirmed the presence of ruthenium oxide in both columns
and in the areas between columns on the surface.
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FIG. 3. (Color online) Atomic force microscopy (AFM) images (1x1pm) of the as deposited (a), and 20 minutes
annealed samples at 175°C (b), 200°C (c), and 300°C (d). Line profiles of the 20 minutes annealed samples at
200°C (e), and 300°C (f), are represented by the straight lines shown in the AFM images (c) and (d),
respectively.

X-ray diffraction patterns were recorded for all annealed samples. The magnetron
sputtered Ru layer exhibited a hcp polycrystalline structure™**" over the entire temperature
range, with intensities reducing at higher temperatures due to Ru consumption during RuO,
growth. For Ru, no angular dependence of the diffracted intensity was observed apart from
that induced by the illumination geometry, and as such a random orientation of crystallites is
suggested. RuO, peaks typical for rutile-like crystalline structure® were detected that showed
two types of diffraction patterns. One pattern was detected above 275°C and belonged to
larger oriented crystallites, with (101) planes being nearly perpendicular to the sample
surface normal. Another pattern was detected above 375°C and belonged to smaller
crystallites showing random orientations. It appeared that the larger crystallites actually
matched very well the average height of the surface 3D columns determined by AFM. The
smaller crystallites matched the thickness of the 2D oxide film when measured close to the
growth direction of the film. Note that the vertical sizes of the columns were more than ten
times larger than the thickness of the thin oxide film (see for example the sample annealed at
300°C, Fig. 3(f) and Fig. 4 (first circle)).
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Below we calculated the ratio of the consumed Ru to the formed Ru oxide taking into
account both oxides, in the thin film and in the columns. From the AFM images, an effective
volume for the RuO, columns can be extracted after a geometric convolution correction. This
RuO; volume, divided by the AFM scan area, yields an “effective thickness”, the value as if
all the amount of RuO, observed in the 3D columns would be distributed in a flat continuous
layer. This is depicted in Fig. 4 (closed squares) together with the thin Ru oxide film
thickness (solid circles). The similar growth of these two curves indicates that both oxides,
the thin film and the columns, have similar volume growth rate, which is important for
further discussion. Fig. 4 also shows reduction of the Ru layer thickness (open triangles) with
annealing. When the RuO, “effective thickness” determined from AFM is added to the RuO,
thickness obtained from XRR and then divided by the Ru loss, a ratio of 3.5 is achieved at
low temperatures (Fig. 4, dashed line), consistent with the larger contribution of the low
density Ru oxide layer growth at low temperatures. For the high temperatures, the ratio
approaches the calculated value of 2.3, consistent with the predominant high density RuO,
growth observed from XRR.
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FIG. 4. (Color online) Oxide thickness and Ru loss as a function of annealing temperature for 20 min annealed
samples in the range of 300-500°C. Total RuO, thickness (summed low density and high density) obtained from
XRR is presented by closed circles. The RuO, “effective thickness” from AFM analysis is depicted by closed
squares. The Ru loss from XRR is shown by open triangles. The ratio between total RuO, (summed XRR and
AFM amount) and Ru loss from XRR is represented by the dashed line. The accuracies of the layer thicknesses
determined by XRR and AFM analysis are £0.1 and +£0.3 nm, respectively.

High resolution transmission electron microscopy (HR-TEM) showed more details on
the formed structure, as depicted by the cross-section of a 20 minutes annealed Ru sample at
300°C (Fig. 5). First of all it confirms the polycrystallinity of the Ru layer with different
crystal orientations. Ruthenium thin film oxide on top of polycrystalline Ru is visible (Fig.
5(a)). Its thickness is in a very good agreement with the one obtained from XRR. Some
crystalline parts in this ruthenium oxide layer are observed. But it is too thin to conclude if
the crystalline part belongs to the ruthenium oxide layer itself or to the Ru layer which
overwhelms the very thin top layer in the HR-TEM image. The majority of the surface
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columns were detached from the surface during TEM preparation. However, it is well visible
that the columns have rectangular- rather than spherical-like shape as imaged by AFM. They
have an aspect ratio of about 1:3 on average (for the sample at 300°C) demonstrating strongly
anisotropic growth. The columns grow monocrystalline. HR-TEM at Fig. 5(b) resolves the
(101) planes that are positioned at 115° with respect to the longer side of the column. This
side corresponds to (110) crystal plane taking into account the rutile-like structure of the
oxide. For this structure (110) surface has the lowest energy,® which explains why it is the
most abundant surface of the observed columns.

It cannot be observed by TEM if the columns grow at the surface of Ru or at the
surface of the ruthenium oxide thin layer. The columns could in principle grow as
continuation of the Ru grains with the proper orientation. In that case Ru would act as a
seeding layer for the columns. However the columns are typically a factor of ten larger in
height compared to the oxide film thickness. If they would originate at the initial Ru surface,
they would have already been detected by AFM for the sample annealed at 175°C (Fig. 3(b)).
According to XRR at this temperature there is already a 0.85 nm low density thin film oxide
formed at the surface, which is expected to be a closed layer. So it is still most likely that the
columns grow at the surface of the formed thin ruthenium oxide layer rather than the surface
of Ru layer. Note that the volume growth rate of the columns is similar to the one of the thin
oxide film as mentioned above. Obviously both rates are limited by diffusion of atoms
through the thin oxide film, ruthenium upwards and oxygen downwards.

The remaining question is why the nano-columns prefer to grow in 3D mode at the
surface of the ruthenium oxide layer and not to continue growing in the initial 2D thin film
mode. We suggest that there are several factors contributing to the coexistence of the 2D and
3D growth. Oxidation of ruthenium film starts with the formation of a low density RuOy
(2<x<3) layer. In the process of further oxidation this low density oxide layer is always
present on top but is limited to a maximum of 3 nm. The reduced supply of ruthenium atoms
that have to diffuse through the ruthenium oxide layer towards the surface and the unlimited
supply of oxygen at the surface are the possible reasons why the oxygen rich low density
oxide layer is initially formed at the surface. Below this layer a higher density stoichiometric
RuO, will grow during further oxidation. Up to a certain thickness the oxide film remains
quasi-amorphous to keep the minimum energy interface with ruthenium. At about 200°C,
because of the rather high mobility of Ru or Ru-O precursors at the surface,® the first
crystalline RuO; nuclei will form at the very surface, with Ru being supplied from the bottom
via diffusion through the oxide film. And since the RuOy top layer with a rather disordered
structure does not support growth of a crystalline structure along the surface, RuO,
crystallites will continue growing in the vertical direction. We detect the first crystalline
columns at 275°C when the oxide film still stays quasi-amorphous. At 375°C this film starts
to crystallize turning polycrystalline. At that moment the columns already become stable and
continue growing at the expense of all the ruthenium reaching the surface.
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FIG. 5. (Color online) Cross-sectional HR-TEM images of the 20 minutes annealed sample at 300°C.
Rectangular-like tilted nano-columns attached to the film surface, showing the strongly anisotropic growth (a).
Zoom view of the monocrystalline RuO, column with the resolved (101) planes that go from side to side of the
column (b). Note that the growth direction of the column is parallel to the (110) RuO, planes, forming an angle
of 115° with the (101) planes.

In summary, a mixed 2D and 3D growth of Ru oxide has been experimentally
observed for thermally oxidized polycrystalline Ru thin films. Below a threshold temperature
of 200°C there is approximately one monolayer of thin film low density RuOy (2<x<3) on the
Ru surface formed. Above 200°C, RuO; nano-columns are detected on the surface, growing
in size with temperature and annealing duration. Simultaneously with the growth of the
columns, sub-surface oxidation continues. The low density oxide film is followed by the
formation of a near bulk density RuO; thin layer. The total amount of oxide formed,
including 2D films and 3D nano-columns, is consistent with the reduction of the Ru layer
thickness.
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