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In this study, the growth characteristics and the film properties of Ru and RuO2 thin
films were systematically investigated, focusing on the effects of the oxygen exposure and
the growth temperature.
Pure Ru thin films with low resistivity were deposited from
bis(ethylcyclopentadienyl)ruthenium [Ru(EtCp)2 ] as a Ru precursor and oxygen (O2 ) as a reactant by using thermal atomic layer deposition (ALD). Phase change from Ru to RuO2 was observed
by controlling the growth parameters, including the O2 flow rate and the growth temperature. In
order to investigate the dependence of the phase change on the deposition parameters, we evaluated
the crystalline structure and the chemical composition by using X-ray diffraction (XRD) and X-ray
photoelectron spectroscopy (XPS).
PACS numbers: 68.55.Nq, 68.55.Ac, 68.37.Yz, 68.55.Jk
Keywords: Ru, RuO2 , Atomic layer deposition, Growth characteristics, Films properties, Effects of oxygen
exposure, Effects of growth temperature, Phase control

due to its growth mechanism being controlled by a selflimited surface reaction [4,5,9].
ALD of Ru films using by metal organic (MO) precursors, including RuCp2 , Ru(EtCp)2 , and Ru(thd)3 with
O2 gas has already been reported by several groups
[9–13]. Through studies using an in-situ quadruple
mass spectrometer (QMS) and a quartz crystal monitor (QCM), Aaltonen et al. proposed that metallic Ru
films were formed by oxidative decomposition of ligands,
where both mobile subsurface O atoms and dissociatively
adsorbed O atoms took part in the oxidative reaction.
During the whole process, the formation of RuO2 is suppressed owing to the complete consumption of subsurface
oxygen [13]. However, our previous report on Ru ALD
using RuCp2 and O2 showed that the Ru film quality
depended significantly on the oxygen flow. An increase
in the oxygen flow rate resulted in a significant increase
in the growth rate and resistivity due to a degradation of
the crystallinity and the formation of amorphous RuOx
[14]. In fact, other previous reports showed that Ru
and RuO2 could be controllably formed by varying the
growth parameters, mainly due to the high oxygen partial pressure with Ru(EtCp)2 as a Ru precursor [11,15].
The same research group reported a similar approach to
producing a stacked RuO2 /Ru bilayer structure. The
type of the deposited film, either Ru or RuO2 , was controlled by using the Ru(EtCp)2 exposure time and the
oxygen partial pressure in the oxygen pulse [16]. According to Ref. 16, a stacked RuO2 /Ru bilayer structure
can be one of the viable options for a bottom electrode

I. INTRODUCTION

As a representative noble metal, ruthenium has been
intensively studied for various applications in nanoscale
semiconductor, such as pMOS metal gate electrodes, capacitor electrodes for dynamic random access memories,
and seed layers for electrochemical plating of Cu interconnect formation [1–5], mainly due to its excellent thermal and chemical stability, low resistivity (7.6 µΩ·cm),
relatively high work function (4.71 eV) near the valence
band edge of Si, and a good dry etching property. In addition, its conducing oxide phase, RuO2 , is also of considerable interest for capacitor electrodes owing to its
low resistivity (46 µΩ·cm), high interfacial stability with
dielectric materials, good dry etchability, and excellent
diffusion barrier property against oxygen [6–8].
If the demand for continuous scaling of electronic
devices is to be met, memory devices require threedimensional structures with complexity and high aspect
ratios. Thus, to deposit thin films with high quality
is a critical requirement in advanced IC architectures.
Among the various thin film deposition techniques used
for applications in the advanced microelectronics industry, atomic layer deposition (ALD) is considered to be a
promising method, exhibiting good conformality, good
uniformity, atomic scale thickness controllability, and
low impurity contamination at low growth temperature
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with the high-k dielectric materials because it has superior morphological thermal stability compared to a single layer of either Ru or RuO2 . Although both Ru and
RuO2 are seriously degraded by dielectric annealing in an
O2 atmosphere, a RuO2 /Ru bilayer maintains a smooth
surface even at an annealing temperature of 800 ◦ C and
effectively blocks the oxygen and silicon diffusion [16].
Therefore, the formation of Ru and RuO2 during the
ALD Ru process should be further investigated due to its
applicability and due to uncertainties in the dependences
of the film properties and phase formation on the growth
parameters. Until now, nevertheless, there have been
only a few studies on ALD Ru and RuO2 formation for
controlled process conditions. In this study, the growth
characteristics and film properties of ALD Ru and RuO2
thin films formed by using a Ru(EtCp)2 precursor and
oxygen gas were systematically investigated, focusing on
the effects of oxygen exposure and growth temperature.
II. EXPERIMENTAL DETAILS
For this study, a homemade ALD growth system was
used. The system was connected to a rf sputtering chamber by sharing the loadlock to form a cluster system.
Hence, a sample transfer between the ALD system and
sputter chamber was possible without breaking the vacuum. A substrate, up to 8 inches, could be loaded. As
a liquid precursor, bis(ethylcyclopentadienyl)ruthenium,
Ru(EtCp)2 , which exists in the liquid state at room temperature with a higher vapor pressure and has good thermal stability, was chosen as the Ru precursor for ALD Ru
and RuO2 . The temperature of the Ru precursor contained in a bubbler was maintained at 65 ◦ C to produce
a high enough vapor pressure. To prevent precursor condensation in the feeding line between the bubbler and the
reaction chamber during precursor delivery, we heated
the feeding line to a temperature 10 ∼ 15 ◦ C higher than
that of the bubbler. The vaporized Ru(EtCp)2 molecules
were carried to the reaction chamber by Ar gas at a flow
rate of 20 sccm. Ar gas at a flow rate of 50 sccm was also
used for purging the excess gas molecules and byproducts between each precursor and reactant exposure step.
Oxygen gas was used as a reactant without other carrier
gases.
Ru deposited by using ALD, ALD Ru, exhibited unstable film growth behaviors on Si or SiO2 . Thus, in order
to obtain consistent film growth characteristics, we employed Ta2 O5 deposited by using plasma-enhanced ALD
(PE-ALD), PE-ALD Ta2 O5 , as an alternative substrate.
The PE-ALD Ta2 O5 film was deposited on HF-dipped
Si from pentakis(dimethylamido)Ta (PDMAT) and an
O2 plasma at a deposition temperature of 300 ◦ C, and
ALD Ru was carried out subsequently without breaking
the vacuum. More detailed results on PE-ALD Ta2 O5
can be found in our previous reports [17, 18]. The film
thickness was measured by using field-emission scanning
electron microscopy (FE-SEM), and the resistivity of the
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Fig. 1. Dependences of the film growth rate and the resistivity on the exposure time of the Ru(EtCp)2 precursor
at TS = 300 ◦ C (TS : deposition temperature, tS : precursor
exposure time, tR : O2 exposure time, tP : purging time).

deposited thin films was calculated from film the thickness and the sheet resistance measured by using a fourpoint probe. An X-ray diffraction (XRD) analysis using
conventional X-ray diffraction (XRD) (λ = 1. 54 Å irradiated from Cu Kα) and synchrotron radiation X-ray
diffraction (SRXRD) (λ = 1. 54 Å and 1.24 Å) at Pohang
Accelarator Laboratory (PAL) was used to investigate
the microstructure of the deposited films. The impurity
level, the chemical composition, and the binding structure of the deposited films were analyzed by using X-ray
photoelectron spectroscopy (XPS).

III. RESULTS AND DISCUSSION
Figure 1 shows the dependence of the film growth rate
per cycle and the resistivity of the ALD Ru films on the
Ru(EtCp)2 exposure time (tS ) at a substrate temperature (TS ) of 300 ◦ C. ALD Ru films exhibited good selfsaturation behavior with increasing Ru(EtCp)2 exposure
time, which is a unique feature of the ALD method. As
mentioned previously, we used PE-ALD Ta2 O5 film as a
substrate for achieving stable film growth characteristics,
because film growth on other substrates, including Si and
SiO2 , suffered from inconsistent growth characteristics.
The saturated growth rate was 1.8 Å/cycle when the
Ru(EtCp)2 exposure time exceeded 2 s, which is higher
than previously reported results [9,11]. The resistivity of
the Ru films was constant at about 16 µΩcm regardless
to the pulse time of Ru(EtCp)2 .
In order to examine the purities of the Ru films, we
analyzed as-deposited Ru film by using XPS. Fig. 2(a)
and (b) show the XPS spectra of Ru 3d-C 1s and O 1s,
respectively. Fig. 2(a) shows that the Ru peak is composed of two well-resolved peaks, 240.26 eV for Ru 3d5/2
and 284.44 eV for Ru 3d3/2 . However, since the XPS
peak of Ru 3d3/2 at 284.44 eV overlaps with the C 1s pri-
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Fig. 3. The growth rate and resistivity of ALD films deposited from Ru(EtCp)2 at the deposition temperature of 300
◦
C as a function of the O2 flow rate (tR : O2 exposure time).

Fig. 2. XPS spectra of ALD Ru film deposited from
Ru(EtCp)2 and O2 at a deposition temperature of 300 ◦ C:
(a) Ru 3d-C 1s and (b) O 1s.

mary peak at 284.5 eV, it was difficult to determine the
exact carbon contamination in the films without fitting
the detected peaks. It is possible to estimate the carbon
concentration in reference to previous reports. The Ru
3d doublet peaks were consistent with theoretical spinorbit splitting of 4.18 eV, which agrees with other XPS
results for Ru 3d-C 1s [19–21]. For pure Ru, the area
ratio of the Ru 3d3/2 to Ru 3d5/2 is about 3 : 2, which
also corresponds to the theoretical value due to spin-orbit
interactions of d electrons [22]. The fitting of the Ru 3dC 1s spectrum shows that the intensity ratio between
Ru 3d double peaks is well matched with the theoretical
value, indicating that the amount of carbon concentration is minimal. In addition, Fig. 2(b) shows that no O
related binding energy peak is observed. Thus, the Ru
film grown by using the current ALD process contains
negligible amounts of carbon and oxygen impurities.
To begin with, in order to investigate the effects of oxygen exposure on this ALD Ru process, we prepared ALD
Ru films with larger oxygen exposures than the standard
condition by increasing the oxygen flow at a fixed oxygen
exposure time. Fig. 3 shows the changes in the growth

Fig. 4. Conventional XRD spectra of ALD films deposited
from Ru(EtCp)2 (Cu Kα radiation) at various oxygen flow
rates.

rate and the resistivity of ALD Ru films with the increase
in oxygen flow rate. The growth rate increased up to 7
Å/cycle with increasing O2 flow rate from 5 sccm to 67
sccm. Notably, the resistivity of ALD Ru film increases
abruptly at an O2 flow rate of 12 sccm. In order to clarify this unusual behavior, we conducted an XRD analysis
of the films. While the XRD spectrum at low O2 flow
below 10 sccm is composed of pure Ru diffraction peaks,
the peak intensity decreases with increasing O2 flow rate,
as shown in Fig. 4. Meanwhile, the XRD spectrum at an
O2 flow of 12 sccm shows clear RuO2 diffraction peaks,
together with metallic Ru diffraction peaks. At a high
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Fig. 5. The dependences of the growth rate and the resistivity of ALD Ru films on the deposition temperature at
the same O2 flow rate of 10 sccm (TS : deposition temperature, tS : precursor exposure time, tR : O2 exposure time, tP :
purging time).

O2 flow rate of 67 sccm, the XRD spectrum was entirely
composed of RuO2 diffraction peaks. These results are
similar to those in a previous report on ALD Ru from
Ru(EtCp)2 and mixture of Ar and O2 gases [11]. It was
reported that the resistivity and growth rate of ALD Ru
films increased abruptly at a certain value of ratio depending on the O2 (Ar + O2 ) ratio, which was mainly
due to the formation of RuO2 . However, it should be
noted that these results are not in agreement with our
previous report on ALD Ru using RuCp2 , where only
the amorphous RuOx phase was formed at a high O2
flow instead of the formation of RuO2 [14]. Thus, the
formation of the RuO2 phase depending on O2 flow is
critically dependent on the precursors.
Additionally, the effects of growth temperature on the
growth characteristics were also investigated for ALD Ru
films. Fig. 5 shows the growth rate and the resistivity of
ALD Ru films at two different deposition temperatures
of 300 and 350 ◦ C at the same O2 flow rate of 10 sccm.
Abrupt increases in the growth rate and resistivity are
observed, similar to the case of increasing O2 flow rate.
To evaluate the film characteristics of the ALD Ru films
deposited at 350 ◦ C, we carried out XRD and XPS analyses. Fig. 6 shows the XRD spectra of ALD Ru films
deposited at the substrates temperature of 300 and 350
◦
C. While only metallic Ru peaks are observed for 300
◦
C [Fig. 6(a)], well resolved RuO2 diffraction peaks are
clearly observed for 350 ◦ C [Fig. 6(b)]. In case of the film
deposited at 350 ◦ C, RuO2 formation was also confirmed
by the XPS data. Fig. 7 shows that XPS O 1s spectrum
is mostly composed of RuO2 with a small amount of
RuO3 or Ru hydroxide, clearly indicating the presence
of a Ru oxide phase [19,23]. Since one monolayer (ML)
of RuO2 is about 2.3 times thicker and the resistivity of
RuO2 is higher than that of metallic Ru [11], based on

Fig. 6. SRXRD spectra of the films deposited from
Ru(EtCp)2 (λ = 1.54 Å) at (a) TS = 350 ◦ C and (b) TS
= 300 ◦ C.

Fig. 7. O 1S XPS spectrum of ALD film deposited from
Ru(EtCp)2 at the deposition temperature of 350 ◦ C.

these XRD and XPS results, the increases in the growth
rate and resistivity at 350 ◦ C result from the formation
of RuO2 . Thus, both pure Ru metal and polycrystalline
RuO2 can be controllably grown by changing the deposition temperatures with Ru(EtCp)2 as a Ru precursor.
There are no results on the effect of temperature on
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the phase transition during ALD process. However, early
studies on Ru deposited from RuCp2 and O2 by using
CVD, CVD Ru, have reported that RuO2 was formed
only at high growth temperatures above 550 ◦ C [24,25].
Moreover, more recent studies reported that single-phase
RuO2 was formed at low growth temperatures by using
hot wall CVD or an oxygen plasma [26–28]. Meanwhile,
a few studies on CVD Ru have reported the formation
of RuO2 by using Ru(EtCp)2 and O2 at high deposition
temperatures under high O2 partial pressures [29, 30].
Papadatos et al. reported a phase transition from Ru to
RuOx (0 < x < 2) to RuO2 with increasing growth temperature from 400 to 480 ◦ C under the relatively high
O2 flow [29]. According to their report, the phase of
the deposited films was found to depend strongly on the
growth temperature for CVD Ru. These results indicate
that the RuO2 formation is more facile at high growth
temperatures and also consistent with our results which
exhibit RuO2 formation at 350 ◦ C and metallic Ru formation at a lower growth temperature of 300 ◦ C. However, since the growth mechanisms are different between
CVD and ALD, none of these results on CVD Ru may
be applicable to our current results.
Aaltonen et al. reported comprehensive works on the
growth mechanism of ALD Ru by using a quadruple mass
spectrometer (QMS) and a quartz crystal microbalance
(QCM) [10, 13]. According to their report, the role of
oxygen is to oxidatively decompose the ligands of the
adsorbed Ru precursor for the ALD Ru process. Oxygen adsorbed on the grown Ru surface reacted with the
incoming Ru precursors, producing H2 O and CO2 as
byproducts during the subsequent Ru precursor exposure step. During the oxygen exposure step, the remaining ligands of the adsorbed Ru precursor reacted with
incoming oxygen gas, producing H2 O and CO2 as well.
The subsurface oxygen atoms, as well as the adsorbed
oxygen atoms, can also participate in the reaction for
liberating the ligands of the Ru precursor during the
whole ALD process. They may exist at the subsurfaces
of the Ru films, depending on the growth conditions.
In addition, by using Thermal desorption spectroscopy
(TDS), Böttcher and Niehus reported that subsurface
oxygen atoms were formed under the conditions of large
dose and appropriate temperature [31]. According to
their results, the oxygen molecules dissociatively adsorb
on the Ru surface, and subsurface oxygen atoms begin to
form after saturation to form a 1 × 1 surface. The concentration of subsurface oxygen atoms depends on the
adsorption temperature, and increases with temperature
up to 800 K.
Based upon these reports, the formation of RuO2 during the ALD process can be partially explained. Although it is unclear why the growth characteristics are
different for RuCp2 and Ru(EtCp)2 at this stage, all
these reports indicate that the formation of an oxygencontaining Ru phase becomes more facile at a high O2
flow and a high growth temperature, which is consistent with our present results. In other words, when the

Journal of the Korean Physical Society, Vol. 55, No. 1, July 2009

oxygen flow is large enough during the oxygen exposure
step, a large number of subsurface oxygen atoms are
formed, leading to incomplete oxygen consumption for
the oxidation of incoming Ru precursor ligands during
the following Ru precursor exposure step. Also, at high
growth temperatures, the number of subsurface oxygen
atoms becomes large at the same oxygen pressure, which
may induce the formation of an oxygen-containing Ru
phase. Therefore, to elucidate these kinds of phase transitions, we took into account subsurface oxygen generated from either large enough oxygen flow rate or high
enough growth temperature, which can play a key role
in forming the RuO2 phase during the whole process.
IV. CONCLUSION
In this study, we investigated the dependences of the
growth characteristics and film properties on the deposition parameters, including the O2 flow rate and the
growth temperature. Significant rises in the growth rate
and the resistivity were observed by increasing the O2
flow rate and the growth temperature. XRD and XPS
analyses revealed that the phase transition from metallic
Ru to polycrystalline RuO2 occurred under the condition
of either larger O2 flow rate or higher growth temperature. Subsurface oxygen atoms can be excessively formed
at large oxygen flow rates and high enough growth temperatures, which results in incomplete oxygen consumption during the ALD process. Therefore, excessive subsurface oxygen atoms should be considered when explaining the growth characteristics for a phase change.
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