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ABSTRACT: Atomic layer deposition (ALD) processes are reported for ruthenium (Ru) and ruthenium oxide (RuO2) using a
zero-oxidation state liquid precursor, η4-2,3-dimethylbutadiene ruthenium tricarbonyl [Ru(DMBD)(CO)3]. Both ALD Ru and
RuO2 films were deposited using alternating N2 -purge-separated pulses of Ru(DMBD)(CO)3 and O2. ALD Ru metal films were
deposited via short (2 s) pulses of O2. Ru films have an ALD temperature window from 290 to 320 °C with a GPC of 0.067 nm/
cycle and a negligible nucleation delay on SiO2. Ru films show a strong hexagonal crystal structure with low resistivity of
approximately 14 μΩ cm at 320 °C. RuO2 films were deposited using longer (20 s) pulses of either molecular O2 or O2 plasma.
RuO2 films deposited via thermal ALD using molecular O2 have a temperature window from 220 to 240 °C with a GPC and
nucleation delay on SiO2 of 0.065 nm/cycle and 35 cycles, respectively. Thermal ALD RuO2 films show a distinct rutile phase
microstructure with a resistivity of approximately 62 μΩ cm. In comparison to thermal ALD, the PEALD RuOx films show a
lower growth rate and higher nucleation delay of 0.029 nm/cycle and 76 cycles, respectively. PEALD RuOx films also exhibit less
distinct crystallinity and a higher resistivity of 377 μΩ cm.

1. INTRODUCTION

Atomic layer deposition (ALD) is a technique that has received
a considerable and growing amount of attention because of its
ability to provide uniform and conformal layers of solid
materials, often with subnanometer control over thickness. In
particular, ALD has found important applications in the
microelectronics industry, where dielectrics are now well
established and conductive films, including ruthenium-contain-
ing layers, have become the focal point of much research.
Ruthenium metal has a low bulk resistivity (7.1 μΩ cm), a high
work function (4.7 eV), and a low solid solubility with strong
adhesion to Cu, making Ru an attractive barrier metal or seed
layer for Cu electroplating.1 Ruthenium oxide (RuO2) also has
a low resistivity (46 μΩ cm), an even higher work function (5.1
eV), and a good chemical stability, making RuO2 of interest as
an electrode for CMOS transistors and high-κ metal−
insulator−metal capacitors.2−4 Its relatively high chemical
stability makes RuO2 less likely to form an interfacial layer
during dielectric deposition than commonly used bottom
electrodes such as TaN and TiN. Unwanted interfacial layers
can comprise a substantial percentage of the dielectric thickness
and reduce the maximal achievable capacitance.5 In addition,

prior work with RuO2 has demonstrated that it may be used to
template the high-κ rutile phase of TiO2 at reduced deposition
temperatures.2−4 Because of its inherent advantages relative to
traditional film growth methods, ALD processes for Ru and
RuO2 are strongly desired for coating the high-aspect ratio
structures encountered in the back end of line of ultra large-
scale integration (ULSI) process flows.
A key limiting factor in the implementation of ALD for

emerging applications is the development of new process
chemistry that affords optimal film growth characteristics. For
example, Ru(EtCp)2, currently the most widely reported Ru
ALD precursor and commonly used in CVD processes, lacks a
clear thermal ALD deposition window and shows very long
nucleation delays on SiO2 and TaN surfaces for both Ru and
RuO2 deposition.6−15 Although the incorporation of NH3

plasma has been shown to improve the nucleation and growth
problems, the process is not ideal because of the toxicity, added
expense, and intrinsic aspect ratio limitations of plasma-based
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processes.12,13 As Ru and RuO2 films in ULSI applications are
generally only a few to tens of nanometers thick, nucleation
delay is a critical growth parameter. When a large number of
cycles is required to obtain a continuous film, it not only can
dramatically increase the deposition time, decreasing through-
put and increasing cost considerably in manufacturing, but also
can result in rougher interfaces because of island-like
nucleation. Other Ru precursors with non-zero oxidation states
also typically exhibit long nucleation delays for Ru and RuO2
when grown by thermal ALD.6−9,16−27 More recent work has
shown Ru(0) complexes can significantly reduce nucleation
delays for O2-based thermal ALD processes.28−34 Most Ru(0)
ALD precursors contain an η6-arene ligand, while most higher-
oxidation state precursors contain one or more cyclo-
pentadienyl ligands, or a substituted variant thereof.35 Herein,
we report a previously unexplored Ru(0) precursor, η4-2,3-
dimethylbutadiene ruthenium tricarbonyl [Ru(DMBD)(CO)3],
which is unusual in that it contains neither arene nor
cyclopentadienyl ligands. Only a small number of ALD studies
have used zero-oxidation state Ru precursors containing a
butadiene type ligand.28−34,36,37 Alkene ligands, including
butadiene derivatives, may help stabilize low-oxidation state
metal complexes because of their ability to engage in π
backbonding. However, in all but two cases, the previously
reported butadiene-bearing Ru(0) precursors also contain an
η6-arene ligand.36,37 Ru(DMBD)(CO)3 also possesses carbonyl
ligands, which are known to readily undergo dissociation from
metal centers.38 We propose that the lability of carbonyl
together with the stabilizing influence of DMBD allows the
precursor to facilitate rapid nucleation on a surface, while also
delivering a robust process capable of performing ALD at
temperatures in excess of 300 °C.
In this work, we develop and characterize a thermal ALD

process for Ru metal as well as both thermal ALD and PEALD
processes for RuO2 using Ru(DMBD)(CO)3 and oxygen.

2. EXPERIMENTAL PROCEDURES
Ru(DMBD)(CO)3 was obtained from EMD Performance Materials
and was used for deposition experiments as received without further
purification. Ru(DMBD)(CO)3 can be synthesized on a laboratory
scale from Ru3(CO)8 and DMBD using a method reported previously
for Ru diene complexes.39 Thermogravimetric analysis (TGA) of
Ru(DMBD)(CO)3 was performed in a TA Instruments model Q50
system with a temperature ramp rate of 10 °C/min under a nitrogen
ambient at atmospheric pressure. Vapor pressure was determined from
isothermal TGA measurements using a method described previously.40

ALD of Ru and RuO2 was performed in a Picosun SUNALE R-200
reactor at 6 Torr using alternating N2-purge-separated pulses of
Ru(DMBD)(CO)3 and either molecular O2 or oxygen plasma on Si
substrates with 100 nm of thermally grown SiO2. All depositions
followed a reactor conditioning process that coated the chamber with
∼50 nm of either Ru or RuO2, depending on the intended film. Flow
rates in all source lines were held at 150 sccm, except for the O2 line,
which used 180 sccm of O2 with either 150 or 50 sccm N2 carrier gas
for ruthenium metal or ruthenium oxide, respectively. As reported
previously for Ru processes, the O2 partial pressure is important for
determining the composition of the deposited film.7,8

Ru(DMBD)(CO)3, shown in the inset of Figure 1a, is a zero-
oxidation state precursor that is liquid at room temperature. A vapor
pressure between 1 and 2 Torr is achieved over a wide temperature
range of 35−60 °C, shown in Figure 1a. In Figure 1b, the TGA curve
and the associated derivative reveal a single weight loss event from
∼80 to 130 °C, after which <1% of the original precursor mass
remains. This observation is consistent with complete clean
volatilization without nonvolatile residues remaining. TGA alone,
however, cannot rule out decomposition products that may evaporate

concurrently with the precursor. Although a decomposition event
concurrent with volatilization could result in a derivative curve with
multiple peaks, this was not observed for this compound. On the basis
of the vapor pressure and TGA, a precursor temperature of 45 °C was
chosen to give a sufficient dose while limiting aging of the
Ru(DMBD)(CO)3 due to temperature stressing.

Film morphology, density, thickness, and interfacial roughness were
investigated via X-ray reflectivity (XRR) and grazing incidence X-ray
diffraction (GIXRD) using a Rigaku Ultima IV instrument with Cu Kα
radiation (λ = 1.5406 Å). RuO2 film thickness was measured using a J.
A. Woollam M2000 spectroscopic ellipsometer (SE) in the range of
400−1000 nm. Surface roughness was measured via atomic force
microscopy (AFM) using an Asylum Research MFP-3D instrument in
tapping mode with a 1 Hz scan rate. Resistivity was measured via a
four-point probe. Compositional analysis was performed using a
combination of X-ray photoelectron spectroscopy (XPS) and Auger
electron spectroscopy (AES) via a PHI VersaProbe II with excitation
from monochromatic Al Kα X-ray radiation (hν = 1486.6 eV), with a
15 keV X-ray beam voltage, and sputtered with 2 keV argon ions.

3. RESULTS
3.1. ALD Ru. The growth of Ru films was studied using a

thermal ALD process in which Ru(DMBD)(CO)3 and O2 were
alternately pulsed into the deposition chamber. Shown in
Figure 2 is a plot of Ru film thickness, measured via XRR,
versus deposition temperature. Using 2.0 s O2 pulses and 1.5 s
Ru(DMBD)(CO)3 pulses separated by 30 s N2 purges, an ALD
window (defined here as a relatively constant film thickness)
was found between 290 and 320 °C. The film deposited at 320
°C has a density of 12.2 g/cm3, which is just below the bulk
value of Ru (12.37 g/cm3).41 Also shown in Figure 2, the
resistivity slightly decreased with an increase in deposition
temperature, ranging from ∼18 μΩ cm at 290 °C to ∼14 μΩ
cm at 320 °C.
The effect of Ru(DMBD)(CO)3 pulse time on film

thickness, while all other variables are held constant, is shown
in Figure 3a. Self-limited saturating growth was observed with
Ru pulse times of >1.5 s. Shorter pulse times resulted in either
less growth (0.6 and 0.9 s) or more growth (1.2 s). With

Figure 1. (a) Vapor pressure vs temperature for Ru(DMBD)(CO)3
with the inset showing molecular structure. (b) TGA % weight
remaining vs temperature and derivative for Ru(DMBD)(CO)3.
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respect to O2 pulse time, shown in Figure 3b, the deposition
rate showed a soft saturation between 2 and 3 s with a large
increase observed when longer O2 exposures were used. As
discussed below, this is suggestive of an increase in the rate of
uptake of oxygen into films when using O2 doses beyond the
amount needed for the reaction to form metallic Ru. To rule
out growth due to possible precursor decomposition, a control
run with 200 ALD cycles of Ru(DMBD)(CO)3 without the
oxygen co-reactant (1.2, 30, 0, and 30 s for Ru, N2, O2, and N2,
respectively) at 300 °C resulted in no measurable deposition on
the SiO2/Si substrate.

Shown in Figure 4 is a plot of Ru film thickness as a function
of the number of deposition cycles. ALD Ru metal was found to

have a linear growth per cycle (GPC) of 0.067 nm/cycle at 320
°C with a negligible nucleation delay. Nucleation delay was
estimated by extrapolating the linear fit to the x-axis. Because
the x-intercept of the best-fit line crossed very near the origin, it
can be surmised that the initial stages of growth proceeded at a
rate having very little deviation from that observed with a larger
number of deposition cycles, a good indication that a significant
nucleation delay did not occur.
Compositional analysis of a 20 nm thick Ru film deposited at

320 °C was performed using a combination of XPS and AES
and is shown in Figure 5. The film was sputtered using 2 keV
argon ions for 30 s to the approximate midpoint depth of the
film. Peaks for the Ru 3d5/2 and Ru 3d3/2 ionizations were
observed at 280.1 and 284.3 eV, respectively, and are consistent
with metallic Ru but are also similar to the reported values for
RuO2.

42 The oxygen content was below the detection limits of
the instrument (<0.1%). Because of the overlap of the C 1s

Figure 2. Film thickness and resistivity vs deposition temperature for
ALD Ru metal.

Figure 3. Film thickness vs (a) Ru(DMBD)(CO)3 pulse time and (b)
O2 pulse time for ALD Ru metal.

Figure 4. Film thickness vs the number of ALD cycles for ALD Ru
metal.

Figure 5. High-resolution XPS spectrum of Ru 3d5/2 and Ru 3d3/2
ionizations for ALD Ru metal film with an inset of high-resolution AES
regions for C KLL and Ru MNN.
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region with the Ru 3d3/2 region, carbon could not be easily
quantified by XPS. Inspection of the AES spectrum in the
region of the C KLL transition revealed that carbon was below
the detection limit.
GIXRD confirmed a polycrystalline hexagonal microstructure

with no preferred orientation for an 8 nm thick Ru film
deposited at 320 °C (Figure 6). An average crystal size of ∼7.6
nm was estimated using the Scherrer formula. In Figure 7, AFM
measurement of the same film showed 0.6 nm RMS surface
roughness.

3.2. ALD RuO2. Using the same Ru(DMBD)(CO)3
precursor, RuO2 was investigated via (a) thermal ALD with
molecular O2 and (b) PEALD using plasma-generated oxygen
radicals as the co-reactant. Plots of film thickness versus
deposition temperature are shown in Figure 8 for both ALD
processes. Clear ALD temperature windows were evident for
both thermal and plasma processes. Both RuO2 process
windows required lower temperatures and much longer (20
s) oxidant exposures, as compared to the Ru process (2 s O2
exposures) discussed previously. For thermal ALD, a 20 °C
wide RuO2 window with a nearly constant film thickness was
observed between 220 and 240 °C, with the best nonuniformity
(∼2.8% across a 6 in. wafer) observed at a deposition
temperature of 240 °C. In comparison, the PEALD RuO2
process exhibited an ALD window with a range of 30 °C,
shifted to slightly lower temperatures (200−230 °C). PEALD
films showed a degraded nonuniformity of 4.5% at 230 °C. For
both processes, the deposition rate dropped off at temperatures
below the ALD window and increased at temperatures above
the ALD window.

Also included in Figure 8 are plots of resistivity versus
deposition temperature for both the (a) ALD and (b) PEALD
processes. Within the respective ALD windows, resistivity for
both processes decreased slightly with increasing temperature.
The thermal ALD RuO2 films had a resistivity as low as ∼62
μΩ cm, while that of the PEALD films was much higher (∼377
μΩ cm).
Ru(DMBD)(CO)3 pulse saturation curves for both thermal

and PEALD processes using 20 s O2 pulses are shown in Figure
9a. Saturation occurred at roughly the same precursor pulse
length for both processes, at around 0.8 s for the thermal O2
process and approximately 1.0 s for the PEALD process. The
Ru(DMBD)(CO)3 saturation behavior was not substantially
different at 20 or 30 s O2 pulse lengths. Experiments were also
performed to examine the O2 pulse saturation, as shown in
Figure 9b for the thermal O2 process. Saturation of the O2 pulse
time occurred at approximately 20 s. Films deposited with a
shorter 5 s pulse time exhibit reduced resistivity (∼40 μΩ cm),
indicating a more metallic character.
The deposition rates for the two processes were found to be

significantly different. Shown in Figure 10 is a plot of RuO2 film
thickness versus the number of ALD cycles for both ALD and
PEALD. Thermal ALD (0.065 nm/cycle) had more than
double the GPC of PEALD (0.029 nm/cycle). The nucleation
delay, estimated by extrapolating a linear fit back to the x-axis,
was also better for the thermal ALD process, being
approximately 35 cycles for thermal ALD and roughly 76
cycles for PEALD.
The analysis of a 20 nm thick RuO2 film deposited at 240 °C

was performed using XPS and AES, shown in Figure 11. The
film was sputtered using 2 keV argon ions for 30 s to the

Figure 6. GIXRD plot of log intensity vs 2θ for an 8 nm thick ALD Ru
metal film deposited at 320 °C with a reference card pattern overlay.

Figure 7. AFM surface roughness measurements of an 8 nm thick
ALD Ru metal film deposited at 320 °C.

Figure 8. Film thickness and resistivity vs deposition temperature for
(a) thermal ALD and (b) PEALD of RuO2.
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approximate the midpoint depth of the film. Peaks for the Ru
3d5/2 and Ru 3d3/2 ionizations were observed at 280.3 and
284.5 eV, respectively, which are consistent with RuO2 and
distinct from other oxides of Ru.42 The O 1s peak was detected
at 529.7 eV. The film composition was measured at 34.7% Ru
and 65.2% O, which indicates slightly Ru-rich films. Preferential

sputtering of oxygen is the likely cause of deviation from the
expected RuO2 stoichiometry. Because of the overlap of the C
1s region with the Ru 3d3/2 region, carbon could not be easily
quantified by XPS. Inspection of the AES spectrum in the
region of the C KLL transition revealed that carbon was below
the detection limit.
Shown in Figure 12 are GIXRD scans of intensity versus 2θ

for ∼12 nm thick RuO2 films deposited using either thermal

ALD at 240 °C or PEALD at 230 °C. The crystal structure of
the films showed significant differences. The thermal ALD
RuO2 film exhibited a strong set of peaks corresponding to the
rutile (tetragonal) phase with an average Scherrer estimated
grain size of ∼3.6 nm, whereas the PEALD RuO2 showed only
one minor peak, the 54° (211) peak of the rutile phase. In
Figure 13, AFM images of the same films showed that the
thermal ALD film has a surface RMS roughness (0.6 nm)
slightly higher than that of the PEALD film (0.4 nm). XRR
measurements of the same films also showed the ALD RuO2 to
be at 6.77 g/cm3, just below bulk rutile (tetragonal) RuO2 (6.97
g/cm3), while the PEALD RuO2 was at 7.91 g/cm3.

Figure 9. (a) Ru(DMBD)(CO)3 pulse time saturation curve for
thermal ALD (green squares) and PEALD (blue triangles) of RuO2
and (b) O2 pulse time saturation curve for thermal ALD of RuO2.

Figure 10. Film thickness vs the number of ALD cycles for thermal
ALD (green squares) and PEALD (blue triangles) of RuO2.

Figure 11. High-resolution XPS spectrum of Ru 3d5/2 and Ru 3d3/2
ionizations of an ALD RuO2 film with an inset of the high-resolution
AES region for C KLL and Ru MNN.

Figure 12. GIXRD plots of log intensity vs 2θ for 12 nm thick RuO2
films via thermal ALD (green squares) and PEALD (blue triangles)
deposited at 240 and 230 °C, respectively.
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4. DISCUSSION
4.1. Ru Process. The Ru process pulse saturation behavior

in Figure 3a exhibited a higher deposition rate at a 1.2 s
Ru(DMBD)(CO)3 pulse length, prior to eventual saturation at
1.5 s. This sort of behavior is sometimes an indication of self-
etching of the deposited film.43 However, the increased
deposition rate was accompanied by an increased resistivity
(∼30 μΩ cm at 1.2 s). Depending on the surface morphology,
oxygen can penetrate beneath Ru film surfaces at temperatures
as low as 250 °C.44 As described by Aaltonen et al., this
subsurface oxygen that is incorporated during the O2 pulse
(and remains through the N2 purge) is mobile and can
participate in oxidative decomposition of ligands during the
subsequent Ru(DMBD)(CO)3 pulse.

45 If this subsurface O2 is
completely consumed during the Ru precursor pulse, Ru may
be deposited. If it is not completely consumed, then RuO2
(thermodynamically favored at the deposition temperature46)
may result. The increased deposition rate and resistivity at 1.2 s
Ru precursor pulse lengths thus point toward incorporation of
oxygen into the film to form substoichiometric RuOx, likely due
to incomplete consumption of the subsurface oxygen during
the Ru precursor pulse.10,17,45 This is consistent with the O2
pulse time dependence (Figure 3b), which exhibited an
increasing film thickness accompanied by an increasing
resistivity. For fixed 1.5 s Ru precursor pulses, the continued
increase in deposition rate at 4 s of O2 pulse time could have
been due to a larger O2 reservoir in the subsurface available for
reaction during the Ru precursor pulse, again resulting in RuOx.
Table 1 contains a summary of thermal ALD Ru processes to

date that have used O2 as a co-reactant, including the precursor,
nucleation delay, GPC, ALD temperature window, and film
resistivity. In this work, Ru films were deposited using
Ru(DMBD)(CO)3 and O2. A saturating growth rate of 0.067

nm/cycle with a negligible nucleation delay on SiO2 was
observed within an ALD temperature window of 290−320 °C.
The GPC and ALD windows were comparable to or higher
than the other Ru(0) ALD precursors listed in Table 1. The
negligible nucleation delay found for Ru(DMBD)(CO)3 was
much less than the ∼210 cycles observed for Ru(EtCp)2 when
it was deposited without NH3 plasma and also shorter than the
long nucleation delays reported for other higher-oxidation state
Ru precursors.6−9,16−27 The negligible nucleation delay for
Ru(DMBD)(CO)3 is as good as or better than those of
previously reported Ru(0) precursors.28−33 The generally short
nucleation delays observed using Ru(0) precursors versus
higher-oxidation state precursors in Table 1 are possibly due to
a lower thermodynamic activation energy barrier.28,33 A smaller
barrier could be the result of the lack of reduction needed for
the metal to achieve the Ru(0) form present in the final thin
film material. It could also be due to the exclusively neutral
ligands present on Ru(0) complexes, which are more
susceptible to dissociation than the anionic ligands that are
found on higher-oxidation state Ru precursors.
The hexagonal Ru microstructure exhibits no RuO2-

associated peaks and an average crystal size of roughly 7.6
nm for an 8 nm thick film (Figure 5). Crystallite size has been
shown to increase with film thickness because of a columnar
microstructure that grows vertically.23,37,47 The Ru film
resistivity at 320 °C was approximately 14 μΩ cm, roughly
double the bulk Ru resistivity, but lower than or comparable to
values from other reports of thin film ALD Ru, as indicated in
Table 1. The low resistivity is consistent with phase purity and
low carbon content (found to be below the detection limit of
AES analysis). Finally, the RMS roughness of 0.6 nm for an 8
nm thick film (Figure 7) was also comparable to values from
other reports.28

4.2. RuO2 Process. Table 2 contains a summary of ALD
RuO2 processes to date, including the precursor, nucleation
delay, GPC, ALD temperature window, and film resistivity.
Using long (20 s) oxygen pulses and lower temperatures, RuO2
films were deposited by both thermal and PEALD using
Ru(DMBD)(CO)3 and either O2 or O2 plasma, respectively.
The temperature window for thermal ALD RuO2 (220−240
°C) is slightly higher than that of PEALD RuO2 (200−230 °C).
Thermal RuO2 exhibits a GPC higher than and a nucleation
delay on SiO2 substrates shorter than those of PEALD RuO2,
with 0.065 and 0.029 nm/cycle and 35 and 76 cycles,

Figure 13. AFM images of 12 nm thick (a) thermal ALD and (b)
PEALD RuO2 films deposited at 240 and 230 °C, respectively.

Table 1. Comparison of Ruthenium Precursors for Thermal ALD Ru Processes Using O2 as a Co-Reactant

precursor metal oxidation state nucleation (no. of cycles) growth rate (nm/cycle) ALD window (°C) resistivity (μΩ cm) refs

Ru(thd)3 +3 ∼250 0.036 325−450 15−20 17
Ru(EtCp)2 +2 ∼21013 0.04913 uncertain7 1513 6−9, 12, 13
Ru(Cp)2 +2 ∼25016 0.04516 325−37516 1316 16, 18
ECPR +2 ∼2520 0.0920 uncertain20 22−2620 19, 20
DMPR +2 ∼60 0.022 250−320 18−24 21
Cyprus +2 ∼20 0.05 250−310 20 22
Ru(DMPD)2 +2 ∼4023 0.01223 185−21023 1724 23, 24
Ru(Cp)(CO)2Et +2 ∼8525 0.125 300−32526 1625 25, 26
(HD)iPrMePhRu 0 3 0.076 270−350 29−36 28
IMBCHDRu 0 ∼1029 0.08929 225−27029 30−4029 29, 30
EBCHDRu 0 3 0.1 200−275 18 31
EBECHDRu 0 3 0.042 175−275 20 32
EBBDRu 0 15 0.056 not available 26 33
Ru(DMBD)(CO)3 0 ∼0 0.067 290−320 14 this work
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respectively. Many of the previous RuO2 processes listed in
Table 2 report growth rates that are greater than that typically
observed for ALD (GPC ≲ 0.15 nm/cycle). As such, it is likely
that they contain a CVD component. The GPC reported here
is more typical of the submonolayer per cycle growth expected
for a well-behaved ALD process. RuO2 films grown in this work
by thermal ALD show a distinct rutile phase microstructure, a
resistivity of ∼62 μΩ cm, and a close to bulk density (6.97 g/
cm3), whereas the PEALD RuO2 films have less distinct
crystallinity, much higher resistivity (∼377 μΩ cm), and
increased density (7.91 g/cm3). This resistivity for thermal
ALD RuO2 is approximately half of what is reported for many
of the other available RuO2 capable precursors, listed in Table
2. Considering morphology, thermal ALD RuO2 is preferred for
templating the high-k rutile phase of TiO2. Unlike other Ru(0)
precursors, the thermal ALD RuO2 grown using Ru(DMBD)-
(CO)3 has no Ru metal peaks, which may improve its ability to
template TiO2. The reduced GPC and increased nucleation
delay for the PEALD process are likely due to the use of oxygen
plasma, which is known to etch RuO2.

48 Likewise, the lack of
crystal structure in the PEALD films may be also be due to the
interruption of grain growth by oxygen plasma etching during
deposition. This lack of crystal structure in turn likely accounts
for the much higher resistivity and reduced surface roughness.
4.3. Comparing Ru and RuO2 Processes. In this work,

both Ru and RuO2 were deposited using the same Ru-
(DMBD)(CO)3 precursor and O2 reactant. To improve our
understanding of why this is possible, the GPC and resistivity
versus temperature data from Figures 2 and 8 are combined in
Figure 14. Whereas the window for the Ru process is from 290
to 320 °C, the window for the RuO2 process is from 220 to 240
°C. The lower-temperature ALD window for RuO2 as

compared to Ru metal is consistent with the findings of Jung
et al. for (1,5-hexadiene)(1-isopropyl-4-methylbenzene)-
Ru(0).28 It has been reported previously that the formation
of Ru films versus RuOx films by CVD is dependent on both
the temperature of deposition and the partial pressure of
oxygen available at the surface of the growing film, where a
clear delineation exists between the conditions necessary for the
metal and the oxide.46 Although it is perhaps not surprising for
such a phase diagram to exist for CVD-grown materials, few
examples of such reactivity occurring in an ALD process with a
single precursor over a narrow temperature window exist.35

This behavior, however, may be general for all metals for which
the reduction potential from the oxide to the metallic form is
positive relative to the standard hydrogen electrode.
With respect to the O2 pulse time, the RuO2 GPC saturates

(as shown in Figure 9b) whereas the Ru GPC does not (Figure
3b). This is consistent with an ALD system in which the O2
dose is a key determinant, along with temperature as described
above, for whether Ru or RuO2 is obtained. As predicted by
Kang et al.,46 a large oxygen dose at lower temperatures
provides RuO2 films, whereas an oxygen-poor environment at
higher temperatures results in low-resistivity Ru metal.
The growth rate and film properties for either process

outside the ALD window also are informative. Again with
respect to Figure 14, for Ru, the deposition rate decreases at
temperatures below the ALD window. This decrease in
deposition rate is accompanied by an increase in film resistivity,
indicating formation of RuOx. As the O2 pulse is only 2 s long,
the GPC of RuOx is much lower than that for the 20 s O2 pulse
RuO2 process. The deposition rate for RuO2 increases above
the ALD window. As oxygen becomes mobile above 250 °C in
RuO2, longer O2 pulses lead to an increased concentration of
subsurface oxygen that can escape the film and react at the
surface, causing CVD-like growth during the Ru pulse. It can be
surmised that because carbonyl ligands are well-known to be
labile and can dissociate from metals under mild conditions, a
probable mechanism for reaction would involve loss of CO and
the formation of a metal−surface bond. The fact that DMBD is
both chelating and π-backbonding would help otherwise
stabilize this surface functionalization between Ru precursor
and O2 exposures. It is proposed that the DMBD ligand would
be retained on the ruthenium metal center subsequent to
chemisorption and should be liberated or consumed only upon
the subsequent co-reactant pulse. Thus, it is the supply of the
co-reactant (O2) from the subsurface that allows additional
reaction during the Ru pulse.

5. SUMMARY AND CONCLUSIONS

We have investigated the suitability of a zero-oxidation state
precursor, η4-2,3-dimethylbutadiene ruthenium tricarbonyl
[Ru(DMBD)(CO)3], with regard to both Ru and RuO2 film
growth. Ru films were successfully deposited with thermal

Table 2. Comparison of Ruthenium Precursors for RuO2

precursor metal oxidation state nucleation (no. of cycles) growth rate (nm/cycle) ALD window (°C) resistivity (μΩ cm) refs

Ru(EtCp)2 +2 ∼7006 0.1759 not available 709 6, 8, 9
Ru(Cp)2 +2 not available 0.32 not available 270 18
Ru(DMPD)2 +2 ∼125 0.023 not available not available 23
(HD)iPrMePhRu 0 −50 0.15 180−200 275 28
EBCHDRu 0 2 0.186 not available 118 34
EBBDRu 0 6 0.09 not available ∼140 33
Ru(DMBD)(CO)3 0 35 0.065 220−240 62 this work

Figure 14. Comparison of GPC and resistivity vs temperature for Ru
and RuO2 thermal ALD processes. The 20 s O2 pulses are shown as
green circles (GPC) and green triangles (resistivity) and the 2 s O2
pulses as orange squares (GPC) and orange diamonds (resistivity).
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ALD. Using 2 s pulses of O2, a saturating growth rate of 0.067
nm/cycle with negligible nucleation delay is observed within an
ALD temperature window of 290−320 °C. The Ru metal
shows a strong hexagonal crystal structure with a low resistivity
of approximately 14 μΩ cm at 320 °C and a fairly smooth
surface roughness of ∼0.6 nm for 8 nm thick films.
Using 20 s long oxygen pulses and lower temperatures, RuO2

films were deposited by both thermal and PEALD using O2 or
O2 plasma. The temperature window for thermal ALD RuO2
(220−240 °C) is slightly higher than that of PEALD RuO2
(200−230 °C). Thermal RuO2 exhibits a GPC higher than and
a nucleation delay on SiO2 substrates shorter than those of
PEALD RuO2, with 0.065 and 0.029 nm/cycle and 35 and 76
cycles, respectively. RuO2 films grown by thermal ALD also
show distinct rutile phase microstructure with a resistivity of
∼62 μΩ cm, a density close to bulk, and RMS roughness of 0.6
nm for 12 nm thick films. PEALD RuO2 films exhibit less
distinct crystallinity with much higher resistivity. The lower
growth rate, longer nucleation delay, and higher resistivity are
likely due to O2 plasma etching of the growing RuO2 film.
Overall, Ru(DMBD)(CO)3 appears to be a promising

precursor for thermal ALD of both Ru and RuO2 thin films.
Processes based on this precursor offer the advantages typical
for ALD but also provide improvements over many of the
known processes for these materials, including resistivity and
nucleation behavior. In addition, the potential ability of the
deposited morphology to be used as a template for rutile TiO2
may facilitate fabrication of high-k MIM capacitors. Consider-
ing the emerging applications for Ru-containing thin film
materials for various architectures anticipated in future ULSI
device nodes, the work presented here is an important addition
to the existing reported methods.
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