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State Key Laboratory of Ultra-precision Machining Technology, Department of Industrial and System Engineering,
The Hong Kong Polytechnic University, Hong Kong, China

Partially oxidized Ru film in MOS structure is investigated from compositional, chemical and electrical point of view with a purpose
of revealing the role of oxygen on flatband voltage. The oxidation causes film roughening and non-uniform RuO2 growth front.
Presence of RuO2 close to the interface and at the interface is confirmed by X-ray photoelectron spectroscopy and Z-contrast imaging.
This is related to flatband voltage shift, equivalent to the work function of RuO2. Oxidation of Ru increases the interface states
density.
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Scaling down of CMOS silicon technology demands gate elec-
trodes with the work function ∼4.2 eV and ∼5.2 eV suitable for
NMOS and PMOS transistors.1 In searching for appropriate metal
electrodes, MOS structures with ruthenium and RuO2 were exten-
sively studied.1–6 Reported work function of Ru and RuO2 are in the
wide range of 4.6–4.81 eV and 5.0–5.8 eV, respectively.1,3–6 Dealing
with ruthenium and ruthenium oxide is a significant technological
challenge. The work function of ruthenium can mimic the value of
RuO2 if MOS structure with ruthenium is exposed to minute amounts
of oxygen at elevated temperature without obvious or significant ruthe-
nium oxide growth.1,5,6 This change can be reversed after exposure
to hydrogen gas annealing.5 Choi et al. demonstrated that effective
work function of Ru can be tuned by controlling oxygen content.2

Also, work function of RuO2 metal electrode is prone to degradation
in hydrogen atmosphere3,5 or at high annealing temperatures.5 Usu-
ally, ruthenium based electrodes are deposited1–5 but thermally grown
RuO2 electrodes were introduced as well6 and this approach can be
useful in understanding the role of oxygen in MOS structure with
Ru-RuO2 gate electrode. Therefore, in this report chemical and com-
positional properties of thermally oxidized Ru incorporated in MOS
capacitor are related to the capacitor’s electrical characteristics.

To fabricate pMOS capacitors with Ru based electrodes, ruthe-
nium was deposited on dry oxide. Ru electrodes were patterned
by lift-off technique and oxidized at 600◦C for 30 minutes in
oxygen/nitrogen ambient. The grown films were investigated by
RBS (Rutherford Backscattering), XPS (X-ray photoelectron spec-
troscopy), TEM (transmission electron microscopy) and high fre-
quency C-V (capacitance-voltage) measurement.

Fig. 1 shows the effect of ruthenium oxidation on RBS. After fit-
ting the experimental curve, the thickness as of deposited Ru film
was found to be about 42 nm, without any top RuO2 layer. The sim-
ulated RBS curve for 600◦C oxidized film is fitted with the top layer
of RuO2 of 27.1 nm and total film thickness of about 64.4 nm. The
incomplete oxidation of Ru film was observed by X-ray diffraction
measurement as well, while the presence of RuO2 is confirmed by Ra-
man spectroscopy. Both measurements are not shown but are similar
to previously published data.6

Chemical status of investigated films was obtained by XPS depth
profiling analysis. The depth profile spectra of O 1s core level for
oxidized Ru film is given in Fig. 2. Oxygen presence in the grown
film can be traced down close to the interface with silicon dioxide. The
position of the oxygen peak at 529.7 eV is assigned to oxygen in RuO2

and falls in the range reported in the literature.7,8 This value remains
the same throughout the film thickness with decreased intensity toward
the interface with SiO2.

On the high energy side of oxygen spectra (Fig. 2) shoulders are
seen, while the depth profile no. 14 shows a distinctly new peak at even
higher binding energy. The experimental data of 14th depth profile are
fitted with three peaks 529.7, 531.2 and 532.4 eV and are linked to
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Figure 1. RBS of as deposited Ru film and oxidized at 600◦C.

Ru-oxide ion, atomic oxygen and SiO2 oxygen,7,8 respectively. In the
14th XPS depth profile, Si 2p core level was recorded for the first
time. Its binding energy value was 103.15 eV, pointing the vicinity
of the underlying SiO2 film. This confirms the correctness of above
interpretation of O 1s with the highest binding energy in Fig. 2.9

Based on the experimental conditions, the calculated inelastic
mean scattering path of the excited electron in ruthenium under ex-
perimental conditions was about 1.8 nm.10 Assuming that there was a
continuous Ru layer in contact with SiO2, the first XPS depth profile
scan that can register silicon dioxide is at Ru thickness of no more
than 4.5 nm. However, observation of Si 2p peak at the 14th scan may
be also an indication of pocketed RuO2 at the interface, which will be
verified by Z-contrast imaging.
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Figure 2. O 1s XPS spectra-depth profile of oxidized Ru film.
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Figure 3. Ru 3d XPS spectrum close to the interface oxidized Ru film/SiO2.

The Ru 3d core level spectrum of the oxidized film is illustrated
for the 14th XPS scan (Fig. 3). The measured data are fitted with two
sets of doublets, one set for metallic Ru and the other for RuO2. At
this depth profile level, Ru 3d5/2 peak is dominated by metal Ru at
280 eV, while the shoulder at high energy is fitted with a peak at
280.7 eV, which is related to oxidized ruthenium metal.9,10 Therefore,
the observation in Fig. 3, regarding the lattice oxygen, is along the
finding in Fig. 2.

To complement the picture of the oxidized ruthenium film, cross-
sectional TEM analysis was performed. Since we are looking for the
critical role of oxygen, a Z-contrast image of the oxidized film is
presented in this article (Fig. 4). The film appears rough at the surface
and the total film thickness is about 60–65 nm, in a good agreement
with RBS finding. The brighter areas of the film are related to the
higher average atomic number and are associated with the grains of
metallic Ru. The less bright regions are RuO2 grains. Oxygen mapping
(not shown) of the sample region, as in Fig. 4, overlaps with less bright
areas of the grown film in the same figure. There are pockets of RuO2

at the interface with SiO2 and it may be speculated that they contribute
to the oxygen XPS spectra close to the interface (Fig. 2).

The work function of Ru was found to be about 4.6 eV6 and
was obtained from C-V shift difference for MOS capacitors with Ru
and Al electrodes. For this purpose, Al electrodes were formed near
the Ru electrodes after Al film evaporation and patterning by wet
etching. In this evaluation the work function of Al was taken to be
4.1 eV.11 The oxidation of ruthenium has electrical consequence in
shifting flatband voltage to higher value (inset in Fig. 5), providing the
effective work function of the oxidized film of about 5.3 eV. This can
be associated with work function of RuO2.5,6 While for the previous
reported investigations of MOS structure with Ru electrode the role of

Figure 4. Z-contrast image of oxidized Ru film on SiO2.
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Figure 5. Interface states of MOS capacitor with as deposited Ru and oxidized
Ru vs. gate oxide thickness; inset - normalized capacitance, from left to right,
as deposited Ru and oxidized Ru gate electrode.

oxygen in MOS was clearly recognized to contribute to the instability
of flatband voltage,1,2,5,6 the nature of its chemical state was largely
speculative. However, with this investigation it is proven that oxygen
incorporated in RuO2 at the very interface, together with the diffused
oxygen contribute to the change in flatband voltage.

The processing impact on interface states was largely ignored in
the previous works due to the problem of flatband instability of Ru
based MOS structures exposed to oxygen/hydrogen environment.1–6

Therefore, in this publication we address the influence of oxidation
and gate oxide thickness on interface states. The interface states were
extracted using the conductance method (Fig. 5). From Fig. 5, oxida-
tion of Ru electrode gives a rise to the interface states. The interface
states appear to be gate oxide thickness dependant. Wen et al.12 also
found a similar trend but could not provide an explanation for it.

In summary, different analytical tools were applied to investigate
chemical, compositional and electrical properties of MOS structure
with thermally oxidized thin film ruthenium. Ru film was partially
oxidized. Diffused oxygen close to oxidized Ru/SiO2 interface and
pockets of RuO2 in contact with the gate oxide were recorded, giving
the effective work function of gate electrode of ∼5.3 eV. It was also
found that thermal oxidation of ruthenium increases the density of
interface states in MOS structure.
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