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The metalorganic precursor cyclopentadienylethyl�dicarbonyl�ruthenium �CpRu�CO�2Et� was used
to develop an atomic layer deposition �ALD� process for ruthenium. O2 gas and O2 plasma were
employed as reactants. For both processes, thermal and plasma-assisted ALD, a relatively high
growth-per-cycle of �1 Å was obtained. The Ru films were dense and polycrystalline, regardless
of the reactant, yielding a resistivity of �16 �� cm. The O2 plasma not only enhanced the Ru
nucleation on the TiN substrates but also led to an increased roughness compared to thermal
ALD. © 2011 American Vacuum Society. �DOI: 10.1116/1.3554691�
I. INTRODUCTION

High density metal-insulator-metal �MIM� capacitors are
required for next generation dynamic random access memo-
ries with equivalent oxide thickness �EOT� values of 0.35
nm.1,2 MIM capacitors integrated in silicon have also
emerged as feasible candidates to reach the capacitance den-
sities �500 nF /mm2 required for automotive and decou-
pling applications. To meet the technical specifications,
strontium titanate SrTiO3 �STO� is currently one of the most
investigated dielectric materials for these capacitor
applications.2 Crystalline STO has an ultrahigh dielectric
constant �theoretically, k�300 �Ref. 3�� at room temperature
and amorphous films have a low crystallization temperature
�T�500–600 °C�.4 As electrode material in the MIM ca-
pacitors, noble metals, such as Pt and Ru,5,6 are preferentially
considered. In addition to a high work function, these metals
have a sufficiently low resistivity such that ultrathin films
can be employed. Moreover, these noble metals seem able to
minimize the device’s leakage current7 and they appear to
have a better chemical compatibility with STO compared to
more conventional electrode materials such as TiN. Ru, hav-
ing a bulk resistivity of 7.1 �� cm and a work function of
4.7 eV, is preferred from a device-integration perspective as
it can be dry etched relatively easily, unlike platinum �Pt�.2,8

Ru is also chemically stable toward oxygen, forming a
stable, conductive oxide.

a�
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The work described in this article focuses on atomic layer
deposition �ALD� of Ru, which is a technique able to fulfill
the requirements of the ultrathin films �thickness �5 nm�
and conformality for the high-aspect ratio structures to be
employed �electrode conformality �70% for an aspect ratio
of �30�.9 For STO, the method has already shown promise
to keep a low leakage current ��1�10−8 A /cm2� and a low
EOT value �1.5 nm�.10 In the past years, numerous metalor-
ganic precursors, such as Ru�thd�3,11 Ru�acac�3,12,13

RuCp2,12,14–17 and Ru�EtCp�2,17–19 have been used with O2

gas for Ru ALD. Employing RuCp2, Aaltonen et al.20

showed that these processes rely on the ability of Ru to dis-
sociatively chemisorb O2, providing atomic O necessary for
the oxidation of the precursor ligands. However, due to their
relatively long nucleation delays �70–250 cycles �Refs. 14,
21, and 22�� and relatively low growth rates
�0.2–0.8 Å /cycle �Refs. 12, 14, 17, 19, 23, and 24��, alter-
natives to the aforementioned ALD processes of Ru have
been considered. To address these issues, the choice of both
the Ru precursor and the co-reactant has been re-evaluated.
For example, the nucleation delay has been successfully ad-
dressed using NH3 plasmas,17,19,24 which more easily initi-
ated the Ru growth and delivered smooth films. However, the
growth-per-cycle remained low �0.25–0.8 Å /cycle �Refs.
17, 19, and 24�� and NH3 is also likely to chemically affect
the STO during its integration in MIM capacitors.25–28 Re-
garding Ru precursors, considerable attention has been de-
voted to new compounds, which have an improved reactivity

and volatility. In light of this, several precursors, such as

021016-19„2…/021016/7/$30.00 ©2011 American Vacuum Society
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2,4-�dimethylpentadienyl�-�ethylcyclopentadienyl�ruthenium
�DER�,21 RuO4,29 ��6-1-isopropyl-4-methyl-benzene���4-
cyclohexa-1,3-diene�ruthenium �C16H22Ru�,30 1-ethyl-1�-
methyl-ruthenocene �EMR�,31 or bis�N ,N�-di-tert-
butylacetamidinato�ruthenium�II�dicarbonyl �Ru�tBu-Me-
amd�2�CO�2�,

32 have become available for Ru ALD.
In this article, ALD of Ru was investigated using the re-

cently developed precursor cyclopentadienylethyl�dicarbo-
nyl�ruthenium �CpRu�CO�2Et�.33 O2 gas, as well as an O2

plasma, was employed as the co-reactant. Providing O radi-
cals directly from the gas phase, an O2 plasma might facili-
tate nucleation of metals by ALD, as reported by Knoops et
al.,34 in the case of Pt. Moreover, an O2 plasma is expected
to be compatible with the STO, as mentioned before.

II. EXPERIMENT

CpRu�CO�2Et �SAFC Hitech®, purity�99.999%� is a
heteroleptic precursor that is liquid at room temperature, en-
hancing its evaporation over solid precursors. Figure 1�a�
shows its high vapor pressure �0.4 Torr at 60 °C� compared
to several other Ru precursors. Results from thermogravi-
metric analysis �TGA� in Fig. 1�b� show a first weight loss
due to volatility and a feature at T�190 °C due to decom-
position. This could indicate the loss of the carbonyl groups
since the same feature was observed for the related precursor
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FIG. 1. �Color online� �a� Vapor pressure of cyclopentadienylethyl�dicarbo-
nyl�ruthenium, compared with other metalorganic Ru precursors, and its �b�
thermogravimetric analysis as a function of temperature. Inset: molecular
structure of CpRu�CO�2Et.
CpRu�CO�2Me. At higher temperatures �200–250 °C�, a
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further weight loss took place, leading to a constant mass of
1.2%. During deposition, the precursor was heated to 90 °C
and the precursor lines to 110 °C to prevent precursor con-
densation during transport to the deposition chamber. The
precursor was vapor drawn into the reactor.

The Ru depositions were carried out in an Oxford Instru-
ments FlexAL reactor,35 consisting of a deposition chamber
connected to a turbo pump �a base pressure of 10−6 Torr�
and a remote inductively coupled plasma source allowing a
maximum power of 500 W. The O2 gas �purity�99.999%�
was delivered to the reactor through the plasma source,
which was only switched on for the plasma-assisted ALD
experiments. The pressure inside the deposition chamber was
kept at 30 mTorr during each oxidant exposure. The tempera-
ture of the substrate carrier was 400 °C, which corresponds
to a wafer temperature of �325 °C, as deduced from cali-
bration measurements.

The Ru films were deposited on Si wafers with native
oxide, subsequently covered by an �8 nm thick TiN film
because Ru/TiN is expected to be a more feasible electrode
stack than Ru only. The TiN film was deposited by plasma-
assisted ALD in the same FlexAL reactor and at the same
substrate temperature, using the process based on TiCl4 and
H2–N2 plasma developed by Knoops et al.36

The Ru film thickness and mass density were extracted
from a Philips X’Pert MPD x-ray reflectometer �XRR� and
the crystal structure from a grazing incidence x-ray diffrac-
tometer �GI-XRD�. Rutherford backscattering spectroscopy
�RBS� using a 2 MeV 2He+ beam at the singletron facility of
the Eindhoven University of Technology was employed to
measure the areal densities of the Ru films. From the thick-
ness values obtained by the XRR, the mass density of the
films was also extracted from the RBS measurements. The
sheet resistance of the Ru films was measured at room tem-
perature by a four-point probe �FPP�. Time-of-flight second-
ary ion mass spectrometry �ToF-SIMS� was performed by a
dual beam ION-TOF IV instrument using Cs+ ions of 1 keV
for sputtering and Ga+ ions of 25 keV for analysis. The
roughness of the Ru films was investigated by atomic force
microscopy �AFM� using a Veeco Dimension 3100 scanning
probe microscope by scanning areas of 2�2 �m2 on two
different locations on each sample. The nucleation of the Ru
films on TiN was studied by transmission electron micros-
copy �TEM� using the FEI Tecnai F30ST microscope oper-
ated at 300 kV. The measurements were performed on silicon
nitride TEM membranes, on which an �8 nm TiN layer was
deposited by the same plasma-assisted ALD process as for
the Si wafers.

III. RESULTS

Ru films were deposited for various numbers of cycles by
thermal and plasma-assisted ALD. Figure 2 shows the results
obtained from XRR, RBS, FPP, and AFM analysis as a func-
tion of the number of cycles. The unit cycle of the two ALD
processes consisted of the following steps: CpRu�CO�2Et
dose - Ar purge - O2 dose - O2 plasma excitation - Ar purge

with the timings of 2-5-5-0-5 s for thermal ALD and 2-5-2-
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0.8-5 s for plasma-assisted ALD. For the plasma-based pro-
cess, the O2 dosing was inserted to stabilize the gas pressure
in the reactor before igniting the plasma. The plasma expo-
sure chosen was short �800 ms� to make sure that Ru was
deposited, since for longer plasma exposures the films tended
to become RuO2. Furthermore, when operating the plasma
source at relatively high powers, no film growth was ob-
served. Therefore, a plasma power of 100 W was chosen. It
is likely that at higher powers, the flux of reactive oxygen
species is of such magnitude that etching of the Ru film37 is
dominating over deposition. This was also corroborated by a
brief experiment in which Ru films were exposed to O2

plasma and after few ��10 s� seconds, 0.3–0.5 nm had been
etched off the films.

The aforementioned cycle timings resulted in saturated
ALD conditions as verified by increasing the precursor dose
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FIG. 2. �Color online� �a� Thickness determined by XRR as a function of the
number of ALD cycles, �b� Ru areal density determined by RBS, �c� Ru
resistivity measured by FPP, and �d� the rms roughness of the Ru films for
plasma-assisted and thermal ALD. The growth-per-cycle in �a� �Å/cycle�
and �b� ��at /cm2 cycle� are given by the slope of the fitted lines and the
nucleation delay by the extrapolation of the fits to zero thickness.
time. We note that the substrate temperature �wafer tempera-
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ture is �325 °C� appears to be relatively high for the
CpRu�CO�2Et precursor having carbonyl groups �see discus-
sion about TGA in Sec. II�. Our results showed, however,
good agreement with the results obtained internally by SAFC
Hitech and those recently reported by Park et al.,33 and at
lower temperatures, we observed reduced growth rates. At
the wafer temperature of �325 °C, also no growth occurred
when only the precursor was dosed into the reactor without
oxidant step. Moreover, for the ALD conditions, no sign of
CVD-like growth was observed from film uniformity mea-
surements �uniformity of thickness and sheet resistance
�4% on 100 mm wafers for both plasma and thermal ALD�.
Investigations of the cracking pattern by quadrupole mass
spectrometry did not reveal thermal decomposition products
either. However, it still appears that the wafer temperature is
such that the precursor is close to the onset of decomposi-
tion. Preliminary infrared studies, monitoring the initial re-
action of the precursor on high surface area silica, revealed
that the precursor starts decomposing at 325 °C.33,38

Figure 2�a� shows that the Ru thickness increase mea-
sured by XRR is linear with the number of cycles for both
ALD processes. The growth-per-cycle has been determined
from a linear fit to the data. Although within the experimen-
tal error, the growth-per-cycle of the plasma-based process of
1.1 Å seems to be slightly higher than the growth-per-cycle
of 1.0 Å for thermal ALD. The latter is also confirmed by the
RBS results in Fig. 2�b� from which the growth-per-cycle, in
terms of Ru atoms deposited, can be determined. For thermal
ALD, a value of �7.1�0.5��1014 at. /cm2 cycle can be de-
duced, whereas it is �7.6�0.1��1014 at. /cm2 cycle for
plasma-assisted ALD. The slightly higher growth-per-cycle
for the plasma-assisted process can possibly be attributed to
the higher surface roughness of the films compared to those
prepared by thermal ALD, as will be discussed below.

The Ru growth-per-cycle of �1 Å for the CpRu�CO�2Et
precursor is relatively high. Making the crude assumption of
a Ru�0001� crystal structure �XRD results are discussed be-
low�, this growth rate corresponds roughly to
�0.5 ML /cycle. This is about twice as high as the growth
obtained with other metalorganic precursors, such as
Ru�EtCp�2, DER, or EMR.21,24,31 The growth-per-cycle is,
however, quite similar to one of the new Ru ALD processes
recently reported by Eom et al.30 Using the open-ring com-
pound C16H22Ru, a similarly high growth-per-cycle of 0.9 Å
was obtained at 220 °C.

From XRR, the mass density of the films was determined,
which suffered from a relatively large uncertainty �much
more than the XRR thickness� due to a relatively large sur-
face roughness, and values of 11�1 g /cm3 and
10�1 g /cm3 could be estimated for the thermal and
plasma-assisted ALD films, respectively. From the combina-
tion of RBS results and thickness from XRR, more accurate
values yielded a mass density of 12.2�0.5 g /cm3 for ther-
mal ALD and 11.7�0.5 g /cm3 for plasma-assisted ALD.
Despite the results obtained for both ALD processes being in
agreement within the error, both measurement methods show

a lower mass density for the films prepared by plasma-
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assisted ALD. The difference might be explained by the pres-
ence of low levels of O in the films prepared by plasma-
assisted ALD, as will be discussed below. The mass densities
of the films are lower than the bulk density �12.4 g cm−3� of
Ru but within the same range of previously reported ALD
films �8.7–12.0 g /cm3�.23,24,31

The resistivity of the films was calculated from the sheet
resistance and the XRR thickness and is shown in Fig. 2�c�
as a function of the ALD cycles. The resistivity decreased
with thickness and the lowest value of 16 �� cm is reached
for the thickest films �25–30 nm�. This decrease is most
likely related to the increasing grain size with thickness, de-
creasing the influence of grain boundary scattering. The re-
sistivity is apparently independent of the oxidant and the
value of 16 �� cm is in the range �12–35 �� cm� of other
Ru films deposited by ALD.12,14,15,18,19 Moreover, 5 nm Ru
films reach a resistivity �30 �� cm, fulfilling the resistivity
specifications ��300 �� cm for 5 nm� imposed on MIM
capacitor electrodes.9

Figure 3 shows the GI-XRD 	-2	 scans of Ru films pre-
pared by 300 cycles of thermal and plasma-assisted ALD.
For the films prepared by both ALD methods, several diffrac-
tion peaks are observed from which it can be concluded that
the films are polycrystalline with a hexagonal closed packed
structure. The peaks for the plasma-assisted ALD Ru film
have a higher intensity due to the higher thickness of that
film. Similar polycrystalline films have been obtained by
several other Ru ALD processes using metalorganic precur-
sors and O2 gas.12,31,39 Since the relative peak intensities re-
semble those of the reference spectrum of a powder sample
the crystallites in the Ru layer have no dominant crystallo-
graphic orientation, although it cannot be excluded that the
film prepared by plasma-assisted ALD might be slightly
preferentially oriented in the �002� and �101� planes. In a
comparison between Ru ALD with O2 gas and NH3 plasma,
Kwon et al.24 also observed a �002� preferential orientation
when a NH3 plasma was used. The �002� orientation allows a
more compact configuration of the Ru atoms than the other
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FIG. 3. �Color online� Grazing incidence XRD spectra of a 35 nm and of a
22 nm thick Ru film deposited by plasma-assisted and thermal ALD, respec-
tively. The spectra are offset vertically for clarity. For comparison, the dif-
fraction pattern of a Ru powder sample is also shown.
orientations and it is therefore possible that the crystallo-
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graphic arrangement of the Ru atoms is influenced by addi-
tional energy delivered to the substrate by the plasma. The
peak positions are the same for both samples, indicating no
difference in lattice constants, which could be caused by dif-
ferences in stress or composition. Furthermore, the peak
widths of the plasma-assisted ALD film are slightly narrower
than those of the thermal ALD film, indicating a slightly
larger crystallite size or smaller crystal defect concentration
for the film prepared by plasma-assisted ALD. This can pos-
sibly again be attributed to the higher energy flux to the
substrate during the plasma exposure.

For both thermal and plasma-assisted ALD, the XRD
spectra only revealed crystalline peaks related to Ru and no
peaks from RuO2 could be identified, in contrast to Park et
al. who used the same precursor.33 The presence of O in the
films was examined by ToF-SIMS. As shown in Fig. 4 for the
plasma-assisted ALD film, the RuO+ signal is more pro-
nounced than for thermal ALD. Moreover, TiO+ is detected
throughout the TiN film, as opposed to thermal ALD for
which TiO+ is predominantly detected at the Ru/TiN and
TiN /SiO2 interfaces. Although no evidence for RuO2 was
provided by XRD and RBS �within its rather high detection
limit of �20% for O�, more oxygen was detected by ToF-
SIMS in the films deposited by the O2 plasma, which is a
stronger oxidant. This higher oxygen content is also a likely
explanation for the slightly lower mass density of the Ru
films deposited by plasma ALD.

XPS results on the thermal ALD film corroborated that
the Ru was in the metallic state with only a small amount of
oxygen present at the top surface of the film. The TiN was
oxidized at the Ru interface but this could be caused by the
oxidant step during ALD as well as by oxidation of the TiN
when the film was exposed to ambient air after the TiN depo-
sition. By XPS, only adventitious carbon at the top surface
was detected, i.e., no significant amount of C in the film
could be observed.

The Ru film properties discussed so far were quite similar

FIG. 4. �Color online� ToF-SIMS depth profiles of a 35 nm and of a 22 nm
thick Ru film deposited by �a� plasma-assisted and �b� thermal ALDs,
respectively.
for thermal and plasma-assisted ALD. However, larger dif-
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ferences were observed in terms of film nucleation and sur-
face roughness. As shown in Figs. 2�a� and 2�b�, the O2

plasma leads to faster nucleation of the Ru film than thermal
ALD. Extrapolating the thickness and areal density data re-
veals that film nucleation takes place after �45 cycles for
plasma-assisted ALD, whereas it is delayed to �85 cycles
for thermal ALD. As mentioned in the Introduction �Sec. I�,
faster nucleation compared to thermal ALD was observed
earlier for Ru films deposited by plasma-assisted ALD using
a NH3 plasma as the co-reactant.17 Also in a comparison
between O2 gas and O2 plasma as oxidants for ALD of Pt, a
much faster nucleation was observed for the plasma-based
process.34 The higher reactivity of the plasma, providing re-
active oxygen atoms from the gas phase, apparently pro-
motes the nucleation of the Ru, potentially also through oxi-
dation of the TiN surface forming TiO2-like surface species.5

However, as opposed to plasma-assisted ALD of Pt, no in-
stant nucleation is observed. This could possibly be related to
the fact that Ru can be etched by the O2 plasma unlike Pt.
This etching of Ru atoms can compete with the initial
growth.

Considering the surface roughness of the films �Fig. 2�d��,
it becomes clear that the Ru films deposited by plasma-
assisted ALD have a significantly higher roughness than the
films prepared by thermal ALD. Moreover, all Ru films are
relatively rough and the roughness increased considerably
with the number of ALD cycles. The AFM scan data, shown
in Fig. 5 for two almost equivalently thick samples �14.8 and
16.3 nm for thermal and plasma-assisted ALDs, respec-
tively�, reveal a surface morphology consisting of densely
packed Ru grains. When O2 gas was used, the grains ob-
served in the AFM scan have similar heights whereas the

(a)

(b)(b)

FIG. 5. �Color online� AFM scans for plasma-assisted and thermal ALD Ru
films with thicknesses of �a� 16.3 nm and �b� 14.8 nm, respectively. Note the
difference in height scale.
film deposited using an O2 plasma consists of several domi-
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nant grains having different heights and which are randomly
distributed over the surface. The root-mean-square �rms�
roughness values of these ALD films, 5 and 9.6 nm for the
thermal and plasma-assisted ALD films, respectively, are
very high for ALD films compared to the surface roughness
values reported so far. For thermal ALD of Ru, rms surface
roughness values are typically within the range of
0.3–3.8 nm �for film thicknesses ranging from 5 to
80 nm�,18,31,32,40 while for plasma-assisted ALD films even
values as low as 0.7 nm have been reported for 50 nm thick
films.24

The results from the TEM measurements on the TiN-
covered membranes are shown in Fig. 6. On these mem-
branes, 50 and 100 cycles of thermal and plasma-assisted
ALD were carried out. Due to the polycrystalline nature of
the 8 nm thick TiN layer, the contrast is poor and no clear
differences can be observed for the two depositions with
thermal ALD. However differences with the TiN-covered
membrane and the thermal ALD results are clearer for the
plasma-assisted ALD experiments after 50 and 100 cycles.
Already after 50 cycles of plasma-assisted ALD, a grain
structure can be observed and after 100 cycles, it is clear that
several large grains are present. The TEM images corrobo-
rate therefore the thickness and AFM results in that the
nucleation of the plasma-assisted ALD films is enhanced and
that the roughness increases with thickness through the de-
velopment of large grains.

The high surface roughness could limit the applicability
of the Ru films prepared from these processes, and especially
electrode layers in MIM capacitors might require smooth
films. Several factors can affect the surface roughness, in-
cluding poor nucleation, modification and etching of the sub-
strate and/or film, and precursor decomposition. However,
based on the results reported, the high surface roughness can
mainly be attributed to the combination of a relatively high
substrate temperature and use of O2 �plasma� as

12,18,31,32

FIG. 6. TEM images of �a� a TiN-covered membrane, and of such mem-
branes on which 50 and 100 cycles thermal ��b� and �c�� and plasma-assisted
ALD ��d� and �e�� of Ru were carried out. The estimated thickness of the Ru
layer is indicated in the images. The arrows indicate large Ru grains in �e�.
co-reactant. For example, Kukli et al. reported high
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roughness values �1.7 nm for a 5 nm thin film� for Ru pre-
pared from EMR and O2 at high substrate temperatures
�T�400 °C�,31 and Park et al.33 reported a surface rough-
ness of 1.4 nm for a film of only �3.1 nm thickness pre-
pared from CpRu�CO�2Et and O2 at 300 °C. Using a ruthe-
nium amidanate precursor and O2, Wang et al.32 found that
the surface roughness and grain size increase with longer O2

gas exposures �with a maximum roughness of �2.5 nm for
an �30 nm thick film� with the grain size distribution be-
coming also non-uniform. Furthermore, Kwon et al.18 carried
out an experiment in which smooth Ru films �3.82 nm rough-
ness for 80 nm film thickness� prepared by ALD at 270 °C
were annealed at 600 and 750 °C in O2. They observed a
clear surface roughening resulting in surface roughnesses of
27.3 and 42.3 nm at 600 and 750 °C, respectively. On the
other hand, annealing the same film at 750 °C in Ar barely
affected the surface roughness �3.94 nm�.

It is also interesting that the length of the nucleation pe-
riod of our films prepared by the O2 plasma-based ALD pro-
cess is reduced, whereas the island-like growth is more pro-
nounced. Generally a short nucleation delay and a low
surface roughness of films prepared by ALD indicate a uni-
form film growth, whereas an enhanced film roughness and
pronounced nucleation delay are characteristics for island-
like growth.5,17,41,42 This correlation was also observed for
the Ru films deposited with a NH3 plasma.17 The situation in
the present case appears therefore to be more complex and it
is possible that several phenomena play a role simulta-
neously. A mechanism that could potentially also play a role
is Ostwald ripening.43,44 This mechanism could possibly ex-
plain the TEM and AFM data, suggesting that the nucleation
sites can develop faster for plasma-assisted ALD and that
grains become larger at the expense of smaller grains. Ost-
wald ripening is known to be enhanced by higher energy
fluxes45,46 and the energy flux during plasma-assisted ALD is
certainly higher than for thermal ALD. Besides the flux of
�reactive� oxygen atoms, the O2 plasma contains also ions,
which deliver energy to the substrate �under the conditions
used the ion energy is �10 eV and the ion flux is
�1013 cm−2 s−1 �Ref. 47��. This higher energy flux can in-
crease the surface roughness and crystalline grain size for the
plasma-assisted ALD films as discussed earlier �see also
XRD results�. More research is, however, necessary to draw
conclusions about the mechanisms governing the nucleation
delay and roughness development of the Ru films.

IV. CONCLUSIONS

Thermal and plasma-assisted ALD using O2 and
CpRu�CO�2Et both resulted in Ru films with properties that
are similar to a large extent. The Ru films obtained were
dense, polycrystalline with a hexagonal closed packed crys-
tal structure, and had a low resistivity �16 �� cm�. The
thermal and plasma-assisted ALD processes also have a rela-
tively high growth �1 Å /cycle�, which is a main merit of
both new processes. These properties make the ALD pro-

cesses fit the requirements for the use of the Ru films as
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electrode layers in MIM capacitors. However, a major draw-
back for this application is the high surface roughness of the
Ru films.

The O2 plasma-based process showed a reduction of the
nucleation delay down to �45 ALD cycles; however, the
plasma-assisted ALD Ru films showed also a higher surface
roughness than the thermal ALD films. Therefore, from the
combination of the film properties, no major benefits have
emerged for the plasma-assisted ALD process of Ru over the
thermal process under the operating conditions studied. The
use of an O2 plasma might be beneficial over thermal ALD at
lower substrate temperatures. This needs, however, to be ad-
dressed in future work.
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