
Improved properties of atomic layer deposited
ruthenium via postdeposition annealing

Cite as: J. Vac. Sci. Technol. A 39, 052402 (2021); doi: 10.1116/6.0001078

View Online Export Citation CrossMark
Submitted: 8 April 2021 · Accepted: 7 July 2021 ·
Published Online: 27 July 2021

Michael Hayes,1 Melanie A. Jenkins,1 Jacob Woodruff,2 Daniel F. Moser,3 Charles L. Dezelah,2,a)

and John F. Conley, Jr.1,b)

AFFILIATIONS

1Department of Electrical Engineering, Oregon State University, 1148 Kelley Engineering Center, Corvallis, Oregon 97333
2EMD Performance Materials, Haverhill, Massachusetts, 01832
3EMD Performance Materials, 5485 County Road, Sheboygan Falls, Wisconsin 53085

Note: This paper is part of the 2022 Special Topic Collection on Atomic Layer Deposition (ALD).
a)Present address: ASM Microchemistry Oy, Pietari Kalmin katu 3 F 2, 00560 Helsinki, Finland.
b)Author to whom correspondence should be addressed: jconley@eecs.oregonstate.edu

ABSTRACT

The resistivity, morphology, and effective work function of thin film ruthenium deposited by thermal atomic layer deposition (ALD) using
η4-2,3-dimethylbutadiene ruthenium tricarbonyl [Ru(DMBD)(CO)3] and O2 are investigated before and after annealing at temperatures up
to 500 °C. Annealing at 500 °C in either N2 or H2/N2 reduces the average resistivity of as-deposited 30 nm thick Ru films from 16.2 to as
low as 13.7 or 9.1 μΩ cm, respectively, approaching the bulk value of Ru. X-ray diffraction shows that as-deposited films are polycrystalline
hexagonal Ru. Annealing at 500 °C in either N2 or H2/N2 results in crystallite growth accompanied by a roughening of the surface from
approximately 0.7 to 2.2 nm RMS, as shown by atomic force microscopy. Secondary ion mass spectroscopy shows low residual carbon and
oxygen in as-deposited films. Annealing in N2 at 500 °C reduces only the carbon content, whereas annealing in H2/N2 at 500 °C results in a
further reduction of carbon combined with reduction in oxygen as well. Using series of metal/oxide/silicon capacitors with varying oxide
thickness, the effective work function of 500 °C H2/N2 annealed Ru films on ALD Al2O3 and HfO2 was determined to be approximately 4.9
and 5.3 eV, respectively. Using internal photoemission spectroscopy, the Ru/Al2O3 and Ru/HfO2 electron energy barrier heights were deter-
mined to be 3.4 ± 0.1 and 3.8 ± 0.1 eV, respectively.

Published under an exclusive license by the AVS. https://doi.org/10.1116/6.0001078

I. INTRODUCTION

Ruthenium metal is promising for several applications in the
microelectronics industry, including its use as a conductive metal
for integrated circuit (IC) interconnects and as a gate electrode for
metal/oxide/semiconductor (MOS) and metal/insulator/metal
(MIM) devices. Current interconnect technology employs a Cu
damascene process. To prevent its migration into the surrounding
materials, a cladding diffusion barrier is required for all Cu lines.
As metal interconnect lines continue to shrink, the contribution of
the cladding barrier to the overall resistivity (ρ) of the lines
increases. A commonly used Cu diffusion barrier, TiN, has a ρ of
approximately 100 μΩ cm. Ru has a much lower bulk resistivity
(ρ0) of ∼7.1–7.8 μΩ cm,1–3 low solid solubility in Cu, strong adhe-
sion to Cu, high melting temperature, is relatively easy to etch, and

can be used as a seed layer for Cu electroplating, making it an
attractive alternative barrier metal.1,4,5 As interconnect trace dimen-
sions shrink well below the bulk electron mean free path (λmp) of
Cu (∼39 nm), the overall line ρ of Cu lines increases significantly
due to increased scattering.6 At these small line dimensions
(<10 nm), surface scattering becomes dominant, and the effective
mean free path (λmp,eff ) falls below that of the bulk value so that
the product of ρ0 and λmp becomes a better proxy for the perfor-
mance of a thin metal line.1 Metals with shorter λmp do not experi-
ence as drastic an increase in ρ with decreasing dimensions as do
metals with longer λmp. λmp of Ru (6.6 nm) is much shorter than
λmp of Cu. In addition, Ru does not require a barrier layer. Thus,
despite its higher overall ρ0, Ru becomes an attractive replacement
for Cu for future ultranarrow interconnects.7,8 Finally, in the front
end of the line, the relatively high reported work functions (ΦM) of
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sputter deposited Ru (>4.7 eV) and RuO2 (5.0–5.2 eV) make them
attractive as gate electrodes for pMOS transistors or MIM capaci-
tors where a high ΦM can help to reduce threshold voltage and
minimize leakage currents.9–13

All of these applications require the controlled deposition of
thin, uniform, and conformal Ru films. Atomic layer deposition
(ALD), due to purge-separated dosing of precursors and self-
saturating surface reactions, offers inherent atomic scale thickness
control, high uniformity, and high conformality at relatively low
temperatures (<300 °C). Because of these advantages, interest in
depositing pure metallic thin films via ALD has grown tremen-
dously in recent years and, in particular, ALD processes for Ru are
strongly desired.14 Although a number of ALD processes for Ru
have been reported, most employ nonzero oxidation state precur-
sors, such as Ru(EtCp)2, which are typically characterized by long
nucleation delays of up to 200 or more ALD cycles prior to the
film growth.15–17 Long nucleation delays are undesirable not only
due to increased process time but also slow nucleation can lead to
island-like growth, which, in turn, can result in increased rough-
ness. Since targeted applications of Ru films are generally only a
few to tens of nanometers thick, nucleation delay is a critical
growth parameter. Other work has shown that zero oxidation state
Ru precursors can significantly reduce nucleation delays for
O2-based thermal ALD processes.18–23 Efforts have also been made
to improve the quality of as-deposited films using “ABC” type pro-
cesses such as adding an H2 pulse in addition to the precursor and
O2 pulses.

24 However, ρ of these films are generally in the range of
18–40 μΩ cm, well above bulk Ru. Austin et al. reported a zero oxi-
dation state ALD Ru process, based on η4-2,3-dimethylbutadiene
ruthenium tricarbonyl [Ru(DMBD)(CO)3] and O2, which shows
zero nucleation delay, a Ru density of 12.2 g/cm3, surface roughness
of ∼0.6 nm RMS, and as-deposited ρ as low as 14 μΩ cm.25,26 Gao
et al. later reported a ρ of 39 μΩ cm for an Ru(DMBD)(CO)3 process
using H2O as a coreactant.27 While the Ru(DMBD)(CO)3/O2 process
has among the lowest ρ values reported for ALD Ru (see Table I), it
is still significantly greater than ρ0 of the pure bulk Ru metal.25,26

In this work, we investigate the impact of elevated temperature
postdeposition annealing in both pure N2 and H2/N2 forming gas
environments on the morphology, composition, and ρ as a function
of the thickness of ALD Ru films deposited using Ru(DMBD)
(CO)3 and O2. We also report the effective work function (ΦM,eff )
of ALD Ru on ALD Al2O3 and HfO2 extracted from a series of
MOS capacitors and direct measurement of the electron energy
barrier height (wBn) at the Ru/Al2O3 and Ru/HfO2 interfaces in
MIM capacitors using internal photoemission (IPE) spectroscopy.

II. EXPERIMENT

ALD of Ru thin films was performed in a Picosun SUNALE
R-200 reactor at 260 °C using 99.999 99% N2 purge separated
pulses of Ru(DMBD)(CO)3 and O2. The deposition chamber was
operated at a pressure of 2 Torr with a constant flow of N2 into
which the dosing pulses were introduced. Ru(DMBD)(CO)3 was
heated to 52 °C and delivered with N2 assist using a PicoSolid
Booster. A 1.5 s Ru(DMBD)(CO)3/30 s N2/2.5 s O2/30 s N2 pulse
sequence was used, which produced a growth per cycle (GPC) of
approximately 0.05 nm/cycle.

Thermal stability studies (see the Appendix) were performed
on Ru(DMBD)(CO)3 samples prepared without solvent under an
N2 atmosphere in standard J-Young type NMR tubes. Tubes were
subsequently heated in a hot water bath and held at constant tem-
peratures of 45 and 60 °C. At intervals of 1, 2, 3, 4, and 8 weeks,
the samples were pulled from the bath, allowed to cool to room
temperature, inspected visually, analyzed using proton nuclear
magnetic resonance (1H NMR), and then returned to the warm
bath at their respective temperature. 1H NMR spectra were col-
lected at 500MHz on an Agilent ProPulse spectrometer equipped
with a 5 mm PFG OneNMR probe operated by software VNMRJ 4.2.

Isochronal postdeposition anneals were performed in a quartz
tube furnace at a pressure of approximately 1 Torr in either
99.999% N2 or a 99.999% pure 3% H2/97% N2 forming gas at 400,
450, or 500 °C. Samples were characterized at 20 min intervals.
To assess ρ, Ru films were deposited on 800 nm of thermally grown
SiO2 on Si and measured using a Jandel RM2 4-pt probe. Surface
roughness was measured with an Asylum MFP-3D atomic force
microscope (AFM) using an Al coated Si cantilever tip in the
tapping mode. Crystallinity and grain size were determined grazing
incidence x-ray diffraction (GIXRD), carried out at an incidence of
0.7°. The film thickness was determined using x-ray reflectometry
(XRR). Both XRD and XRR measurements were made using a Rigaku
Ultima IV diffractometer with Cu Kα radiation (λ = 1.5406 Å).

TABLE I. Resistivity values for representative ALD and CVD Ru thin films.

Process Precursor Precursor
ρ

(μΩ cm) Reference

ALD Ru(DBMD)(CO)3 H2O 39 27
IMBCHDRu O2 30 19

(HD)PrMePhRu O2 29–36 18
EBBDRu O2 26 22
EBBDRu O2, H2 26 24
ECPR O2 22–26 35

Ru(C9H13)2 O2 20 36
EBECHRu O2 20 21
DMPR O2 18–24 37

EBCHDRu O2 18 20
Ru(DMPD)2 N2 plasma 17 38
Ru(Cp)(Co)2Et O2 and O2

plasma
16 39

Ru(thd)3 O2 15−20 17
Ru(EtCp)2 O2 15 15

Ru(DBMD)(CO)3 O2 14 25,34
Ru(Cp)2 O2 (air) 13 16
EBECHRu O2 11a 40
Ru(chd)2 O2 10–16 23

Ru(DBMD)(CO)3 O2 9.1a This
work

CVD Ru(EtCp)2 20–30 41
Ru3(CO)12 16.9 42
Ru(C5H5)2 14.8 42

Bulk Ru — — 7.1–7.8 1–3

aFollowing postdeposition anneal.
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The oxide film thickness and Ru film thicknesses below 20 nm
were also measured using a J. A. Woollam M-2000 variable angle
spectroscopic ellipsometer (VASE) in the wavelength range of
300–1000 nm. The data were fit using a Cody–Lorentz model for
Ru and a Cauchy model for oxides. Secondary ion mass spectrome-
try (SIMS) depth profiling was carried out by EAG Laboratories
using Physical Electronics 6650 Dynamic Secondary Ion Mass
Spectrometry (Phi-6650) with a quadrupole spectrometer. The
primary ion beam, energy, and current were Cs, 2 keV, and 100 nA,
respectively.

ΦM,eff of Ru was determined using a series of Ru/Al2O3/Si and
Ru/HfO2/Si metal/oxide/semiconductor (MOS) capacitors. Al2O3

and HfO2 were deposited via ALD in a Picosun R-150 reactor. The
R-150 deposition chamber was also operated at a pressure of 2 Torr
with a constant flow of N2 into which the dosing pulses were intro-
duced. Al2O3 films were deposited at 300 °C using trimethylalumi-
num (TMA) and H2O. HfO2 films were deposited at 350 °C using
bis(methylcyclopentadienyl)methoxymethyl hafnium and H2O.

28

Immediately prior to ALD, p-type Si substrates (1015 cm−3 boron
doped) from SUMCO were prepared using an RCA cleaning proce-
dure consisting of (i) soak in a 1:10 bath of HF and H2O for
10 min, (ii) rinse in pure deionized (DI) H2O, (iii) soak in a 75 °C
bath of NH4OH, H2O2 and H2O at 1:1:5 concentration for 15 min,
(iv) rinse in DI, (v) soak in a 75 °C bath of 1:1:6 of HCl, H2O2, and
H2O for 15 min, and (vi) final rinse in DI. HF, NH4OH, HCl, and
H2O2 were acquired from KMG and are semiconductor grade with
impurity levels of less than 10 ppb for most trace metals. This
cleaning process chemically oxidizes the Si surface, resulting in the
formation of an approximately 3.5 nm thick layer of SiO2.
Following Al2O3 or HfO2 deposition, 50 nm of Ru was deposited
via ALD to form the top electrode. MOS capacitor formation was
completed by forming circular Ru top electrodes ranging in diame-
ter from 63 to 250 μm. Ru films were coated with Microposit S1813
positive photoresist (PR) and then patterned via photolithography.
Following PR patterning, Ru was etched in an Oxford Instruments
PlasmaPro 100 Cobra inductively coupled plasma etcher using a
1500W plasma composed of 90% oxygen and 10% chlorine at
30 mTorr. At a substrate bias of 100W with the substrate held at
20 °C, the etch rate was 75 nm/min. Capacitance versus voltage
(CV) measurements were performed in a dark box using a probe
station and an Agilent 4284A LCR meter. Current versus voltage
(I–V) measurements were performed using an Agilent 4155
Semiconductor Parameter Analyzer.

IPE spectroscopy measurements were conducted on MIM
devices with a home-built system using UV light from a 150W Xe
arc lamp source that was passed through a monochromator and
then a long-pass filter (to remove second-order diffraction) before
being focused on the device. MIM devices consisted of Ru/insula-
tor/TaN/Ta/SiO2/Si stacks with a 12 nm thick Ru electrode and
10 nm of either HfO2 or Al2O3 as the insulator. TaN bottom elec-
trode substrates planarized by chemical mechanical polishing were
provided by ON Semiconductor. Electrical bias was applied to the
TaN bottom electrode and the Ru top electrode was held at the
ground. At each applied voltage bias, the electrical current was
measured as the photon energy (hν) was swept from 2 to 5 eV
(620–248 nm). The quantum yield, Y, was calculated from the nor-
malized current. IPE spectral thresholds, wthresh—the photon

energy at which photo-induced current exceeds the dark current
for a given applied bias—were determined from plots of Y1/2

versus hν.29,30 The zero-field barrier height, wBn, for the Ru/insu-
lator interface was then determined by taking the y-intercept of a
Schottky plot of wthresh versus the square root of the insulator
electric field, ξox

1/2, with an estimated accuracy of ±0.1 eV.31

Further details about the system and barrier analysis may be
found in our earlier work using the same IPE system.32,33

III. RESULTS AND DISCUSSION

A. Resistivity

Shown in Fig. 1 is a plot of the average ρ versus anneal time
for 30 nm thick ALD Ru films annealed at 400, 450, and 500 °C in
either N2 or 3% H2/N2. After each 20 min anneal increment, ρ was
measured and the samples were returned to the furnace for further
annealing up to a total of 60 min. (Note that samples annealed for
60 min without interruption produced the same result as three
sequential 20 min anneals.) For the Ru films annealed in pure N2,
the initial 20 min of annealing produced a similar 15% drop in ρ
for all three temperatures, from around 16.1 μΩ cm as deposited to
13.7 μΩ cm following anneal.34 Subsequent annealing for additional
time at a given temperature had no significant additional impact
on ρ for any of the temperatures investigated.

Annealing in 3% H2 in N2 produced a greater reduction in ρ
as compared to the N2 only annealed samples. In addition, the
reduction in ρ was temperature dependent, being greatest at 500 °C
and smallest at 400 °C with the improvement at 500 °C only slightly
greater than at 450 °C. Subsequent annealing for longer times
yielded additional gradual reductions in ρ. The lowest ρ of
9.1 μΩ cm is obtained after the 60 min anneal at 500 °C. As seen in
Table I, this is among the lowest obtained for thin film Ru and
approaches that of bulk Ru.

FIG. 1. Plot of the 30 nm thick Ru film ρ vs cumulative anneal time in either an
N2 or a H2/N2 ambient at various temperatures.
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Shown in Fig. 2 is a plot of ρ versus thickness for ALD Ru
films deposited on SiO2, both as-deposited and after a 60 min
anneal at 500 °C in 3% H2/N2. For all thicknesses, ρ was reduced
by annealing. For Ru films thicker than about 30 nm, ρ was
roughly independent of thickness with the lowest ρ of 13.4 μΩ cm
for as-deposited films with an average ρ of 15.9 μΩ cm and a stand-
ard deviation of 1.5 μΩ cm. For annealed films, the lowest ρ was
9.1 μΩ cm and an average ρ of 9.4 μΩ cm with a standard deviation
of 0.4 μΩ cm.

Below about 25 nm for as-deposited films and around 15 nm
for the annealed films, ρRu increases with decreasing film thickness.
It is well known that the resistivity of metals lines increases as
dimensions shrink and that resistivity is dominated by surface and
grain scattering.1 For metals with a spherical Fermi surface such as
Cu, simplistic modeling of the resistivity of a single crystalline
film as a function of thickness may be performed using the
Fuchs–Sondheimer model. However, for metals such Ru having a
nonspherical Fermi surface, modeling a polycrystalline thin film
becomes more complex and is beyond the scope of the present
work.1,2,43–45

B. Structural properties

Crystallographic and surface properties were examined with
GIXRD and AFM. Shown in Fig. 3 are GIXRD spectra of a 25 nm
thick ALD Ru film on 800 nm of SiO2, as-deposited and postan-
nealing for 60 min at 500 °C in either N2 or H2/N2. The observed
diffraction peaks for both the as-deposited and postannealed films
correspond to polycrystalline hexagonal Ru. As-deposited and post-
annealed films appeared free of any significant RuO2 crystallites as
there was no indication of the strong RuO2 (111) or (200) peaks,
which would be expected at 31° and 37°, respectively. In order to
better gauge the relative intensities and widths of the crystalline

plane reflections, all spectra were normalized to the Ru (10�11)
peak. From a Scherrer analysis of the peak widths, we estimate an
average Ru crystallite size of approximately 6 nm for the
as-deposited sample increasing to approximately 15 nm following
annealing in either N2 or H2/N2.

Comparison of the relative peak intensities in the as-deposited
film to that of a powder diffraction reference shows a slightly higher
reflection intensity for the (0002) peak compared to the annealed
samples. Following 500 °C annealing in either N2 or H2/N2, the rela-
tive intensity of the (0002) peak becomes closer to what would be
expected for randomized crystallites. In order to determine if the
apparently increased intensity of the (0002) peak is a result of it
resting on the broader (10�11) peak in the as-deposited film or
whether it is due to a crystallite orientation preference, omega scans
were taken for both conditions with 2θ fixed to the (0002) reflection
angle. This data revealed no preferred orientation normal to the
surface as-deposited. Similar omega scans of other crystallite orienta-
tions yielded similar results.

Figure 4 shows AFM micrographs from a 46 nm thick Ru film
as-deposited and postannealed at 500 °C for 60 min in either N2

or H2/N2. Surface roughness in the as-deposited film was found
to be 0.7 nm RMS with a 6 nm peak-to-valley range. Following
the 500 °C N2 anneal, the roughness increased to 2.3 nm RMS
with a 30 nm peak-to-valley. The peak-to-valley range increase is
due to the growth of small spires on the surface of the annealed
sample. A similar increase in roughness was observed for the H2/N2

annealed film to 2.1 nm RMS with a 27 nm peak-to-valley.
This increase in roughness suggests an increase in the crystallite size
and corroborates the XRD results in Fig. 3.

Potential mechanisms for the ρ improvement observed in the
annealed films (Figs. 1 and 2) include (i) crystal grain growth/con-
solidation and a reduction of grain boundaries, (ii) out-gassing/
elimination of residual carbon or hydrogen impurities, or (iii) dis-
sociation of any residual oxygen remaining in the film. For a 21 nm

FIG. 2. Plot of ρ vs thickness for Ru films either as-deposited (blue circles) or
following postannealing for 60 min at 500 °C in H2/N2 (black squares).

FIG. 3. GIXRD spectra of a 25 nm thick ALD Ru film as-deposited and postan-
nealing for 60 min at 500 °C in either N2 or H2/N2.
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thick Ru film deposited using alternating pulses of (ethylbenzyl)
(1-ethyl-1,4-cyclohexadienyl)Ru(0) (EBECHRu) and O2 at 325 °C
(above the decomposition temperature of EBECHRu), Popovici
et al. reported an as-deposited ρ of ∼15 μΩ cm, which was reduced
to ∼11 μΩ cm after annealing for 20 min at 420 °C in H2/N2

forming gas, which they attributed to the grain growth.40 Overall,
GIXRD and AFM show that annealing in either N2 or H2/N2

results in similar growth of the randomly oriented hexagonal Ru
crystallites, indicating that reduced grain boundary scattering does
play a role in the reduction of ρ observed following annealing in
either anneal gas. However, as there were no significant differences
in film morphology between the two gasses, morphology alone
cannot explain the additional dependence on anneal gas seen in
the present work, with the H2/N2 showing greater improvement in
ρ than N2. This suggests that a difference in the impurity content
following the anneals likely also plays a role.

C. Composition

To assess the carbon, oxygen, and hydrogen content, SIMS
depth profiles are shown in Fig. 5 for 45–50 nm thick ALD Ru
films on SiO2/Si (a) as-deposited or following 60 min 500 °C
annealing in either (b) N2 or (c) H2/N2. Ru and Si were not quanti-
fied and are shown only for film depth reference. In the as-deposited
films, SIMS indicates below surface concentrations of carbon,
oxygen, and hydrogen of approximately 9 × 1020, 2–3 × 1020, and
2 × 1019 atoms/cm3, respectively. Annealing in N2 results in a reduc-
tion in carbon concentration to approximately 0.8–1 × 1020 while
both oxygen and hydrogen concentration remained relatively
unchanged. Annealing instead in H2/N2 results in an additional
reduction in carbon as well as reductions in oxygen and hydrogen
concentration as well to approximately 3 × 1019, 0.6–1 × 1020, and
5 × 1018 atoms/cm3, respectively. In the H2/N2 annealed Ru film, the
concentration of both O and C increases as a function of depth into
the film, suggesting that annealing for longer than 60min or at a
higher temperature might further reduce the carbon and oxygen
content in the bulk of the film. A continued slight reduction of O
and C in the depth of the film could explain the small additional
reduction in resistivity as the duration of the H2/N2 anneal is
increased from 20 to 60 min and as the temperature is increased
from 450 to 500 °C (Fig. 1). Note that due to ambient exposure prior
to SIMS, all three samples show an increased concentration of C, O,
and H impurities at the surface. For the as-deposited and H2/N2

annealed samples, the concentration of C and H drops sharply away
from the interface. In the N2 annealed sample, the increased surface
concentration of C and H extends more deeply into the film
to about 5 nm before dropping below the C concentration in the
as-deposited sample and to about 13 nm before dropping to the
as-deposited concentration of H. Since annealing in either gas
results in nearly the same average crystallite size and RMS rough-
ness, it is likely that lower ρ produced by H2/N2 versus N2 anneal
is due to the lower residual concentrations of C, O, and H. The
N2/H2 anneal likely reduces any remaining RuOx in the film and
in the process drives off residual hydrogen and carbon,46 pro-
cesses which do not appear to take place under vacuum or N2

annealing.47

D. Work function and barrier height

Knowledge of metal/oxide and metal/semiconductor interface
electron barrier heights (wbn) and effective metal work functions is
necessary for predicting and optimizing device operation, particu-
larly, for transistor gate electrodes, MIM diodes, and MIM

FIG. 4. AFM micrographs showing surface morphology of representative 46 nm
thick Ru films (a) as-deposited and following annealing at 500 °C for 60 min in
either (b) N2 or (c) H2/N2.
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capacitors.47 In the ideal Schottky–Mott relationship, wbn should
vary with the vacuum work function of the metal (ΦM,vac) and the
electron affinity of the oxide (χi) so that wbn =ΦM,vac− χi. In prac-
tice, however, this simple model often does not hold due to

strongly process dependent nonidealities such as deep level defects/
trapped charge at the metal–dielectric interface or in the dielectric
near the interface, unintended (or intended) interfacial layers, and
deposition method of the metal. To account for differences
between the Schottky–Mott prediction and actual barrier height, a
metal may be considered to exhibit ΦM,eff, which is dependent
upon the specific oxide with which it is in contact.

To determine ΦM,eff, measurements were made on a series of
Ru/Al2O3/p-Si and Ru/HfO2/p-Si MOS capacitors with 10, 20, 30,
and 40 nm thick oxides. Several capacitor areas were measured for
each oxide thickness. The accumulation, or oxide capacitance, Cox,
was calculated from the x-intercept of the linear regime of a plot of
(dC/dV)1/2 versus measured capacitance at each voltage. The
x-intercept of a (Cox/C)

2 versus V plot was then used to calculate
the shift in flat band voltage from ideal, ΔVFB.

48 VFB for each
device was then determined by adding ΔVFB to the calculated ideal
flatband voltage, VFB,ideal. Shown in Fig. 6, VFB is plotted versus
equivalent dielectric thickness (EOT ¼ dox � κSiO2 /κoxide ) for the
Ru/Al2O3/p-Si and Ru/HfO2/p-Si MOS capacitors following a
60 min 500 °C anneal in H2/N2. Assuming that charge at the inter-
face is independent of oxide thickness, linear extrapolation to the
y-axis yields the metal–semiconductor work function difference,
ΔΦMS,eff =ΦM,eff−ΦS for each capacitor type, where the silicon
work function, ΦS, is determined from the doping density.49,50 ΦRu,

eff was found to be 4.9 eV for the Al2O3 devices and 5.3 eV for the
HfO2 devices.

To date, ΦM,eff values for Ru barriers have been reported only for
samples that have undergone postdeposition and postmetallization
anneals. Previous reports of ΦM,eff for Ru are summarized in Table II.
The value of ΦRu,eff on Al2O3 calculated here is close to the 4.98 eV
reported for metal-organic chemical vapor deposited (MOCVD) Ru
on ALD Al2O3.

13 In that work, the Al2O3 was annealed for 30 min at
420 °C in 10% H2 and 90% N2 prior to Ru deposition. In this work,

FIG. 6. VFB vs EOT for MOS capacitors with HfO2 and Al2O3 dielectrics follow-
ing a 60 min, 500 °C anneal in H2/N2.

FIG. 5. SIMS depth profile of ALD Ru thin films (a) as-deposited and after
post-60 min 500 °C annealing in either (b) N2 or (c) H2/N2.
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annealing was performed post-Ru deposition for 60min in 3% H2

and 97% N2. The difference in deposition method and anneal treat-
ment, and the potential difference in residual oxygen in Ru likely
account for the difference in ΦRu,eff. The value of ΦRu,eff on HfO2

found here is in general agreement with values of 5.1 and 5.3 eV
reported for Ru/HfO2 capacitors in which Ru was deposited via digital
CVD and MOCVD, respectively.51,52

The technique used above for MOS devices is not viable for
determining ΦM,eff on MIM devices because the CV output charac-
teristics do not exhibit a VFB. Instead, IPE spectroscopy was used
to directly determine wBn. Shown in Fig. 7 are representative
Schottky plots of IPE wthresh versus ξox

1/2, for electron emission from
the Ru top electrode of (a) Ru/Al2O3/TaN and (b) Ru/HfO2/TaN
MIM capacitors. The zero-field barrier height between the Ru Fermi
level and the Al2O3 conduction band edge, wBn,Ru/Al2O3

, for
as-deposited and devices annealed for 60min at 500 °C in H2/N2 was
determined to be 3.6 ± 0.1 and 3.4 ± 0.1 eV, respectively. Note that
we also measured wBn,Ru/Al2O3

¼ 3:6+ 0:1 eV for as-deposited
Ru/Al2O3/TiN MIM and Ru/Al2O3/Si MOS devices. Assuming
χAl2O3

¼ 1:4 eV,53 ΦRu,eff(IPE) would be approximately 4.8 ± 0.1 eV
following the 500 °C H2/N2 anneal. This is consistent with the esti-
mate of 4.9 eV obtained from Fig. 6 as well as a previous report of
4.98 eV determined using the VFB versus insulator thickness
method for annealed MOCVD Ru on annealed ALD Al2O3.

13

For the Ru/HfO2/TaN devices in Fig. 7(b), the as-deposited
devices yielded wbn-Ru/HfO2

≃3:8+ 0:1 eV . Following annealing,
wbn-Ru/HfO2

was also found to be ≃3.8 ± 0.1 eV, essentially
unchanged within experimental error. Assuming χHfO2

¼ 2:0 eV,11

this yields an ΦRu,eff of roughly 5.8 eV, much larger than expected
from the difference of ΦRu,vac and χHfO2

. This could be due to the
presence of a negative dipole at the Ru/HfO2 interface, which has
been reported in previous work,47 and/or the presence of a RuO2

interfacial layer at the Ru/HfO2 interface.46 In our prior work,
HfO2 and Al2O3 have been shown to have similar barrier heights
when in contact with the same metal, believed to be due to charg-
ing and dipoles at the interface.32,33 Here, however, wbn-Ru/HfO2

was
about 0.4 eV larger than wbn-Ru/Al2O3

. The larger Ru barrier height
for HfO2 as compared to Al2O3 is in good agreement with ΦM,eff

measurements in Fig. 6, as well as those reported in the literature
(see Table II). To understand this, it is necessary to consider how
each dielectric will interact with Ru and the interface that will
result from this interaction. In the case of the Al2O3/Ru interface,
due to the high oxygen affinity of Al as compared to Ru, Ru should

experience less oxidation than for the HfO2 interface, where the
comparatively lower oxygen affinity of Hf will result in greater
oxidation of Ru. As RuO2 has a larger work function than Ru,
5.0–5.2 eV vs 4.7–5.3 eV, respectively,11–13,46,51,52,54–56 greater RuOx

formation at the HfO2/Ru interface would lead to a larger extracted
effective work function than for the Al2O3/Ru device.

For Al2O3, the IPE measured wbn-Ru/Al2O3
decreased by 0.2 eV

after PMA to 3.4 eV. Previous work with sputtered Ru electrodes
on MOS devices showed that PMA in a forming gas as compared
to an oxygen environment led to a dipole at the Ru-insulator inter-
face that resulted in a decrease of the Ru barrier height with both
HfO2 and SiO2.

46,47 It was postulated that the reduction of the
barrier height following the forming gas anneal was due either to a
reduction of RuOx or to hydroxyl formation at the interface.46 The

TABLE II. Effective work function values of Ru deposited via various methods on
various oxides.

Ru deposition method Insulator ΦRu,eff (eV) Reference

Evaporation Vacuum 4.7 54
MOCVD Al2O3 4.98 13
MOCVD HfO2 5.3 51
Sputtering HfO2 5 56
Digital CVD HfO2 5.1 52
MOCVD SiO2 5.3 13
ALD SiO2 4.8 55

FIG. 7. Schottky plots of IPE wthresh vs ξox
1/2 for (a) Ru/Al2O3/TaN and (b) Ru/

HfO2/TaN MIM capacitors following a 60 min anneal at 500 °C in H2/N2.
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decrease in wbn-Ru/Al2O3
following forming gas anneal could thus be

due to the reduction of any interfacial RuOx that forms in contact
with Al2O3. However, wbn-Ru/HfO2

did not change following PMA,
remaining within experimental error of ±0.1 eV, at about 3.85 eV.
One possible explanation as to why HfO2 does not exhibit the same
wbn−Ru decrease that is seen for Al2O3 is that the 500 °C forming
gas anneal was not sufficient to entirely reduce the RuOx interfacial
layer on the HfO2 sample.

While the Ru barrier heights showed either no change or a
slight reduction following anneal, depending on the insulator, there
was a distinct change in the slope of the Schottky plots for both
insulators, most dramatically for the Al2O3/Ru interface. Ideally,
the slope of the Schottky plot should be proportional to the dielec-
tric constant of the insulator in question, assuming a single metal
work function. This is often not the case as the field induced
barrier lowering (but not wbn) is impacted by interfacial layers,
charge in the oxide, and also lateral nonuniformity of the metal
work function, in the case of Ru.47 The increased slope of the
Schottky plots for both Ru barriers could indicate an increased
degree of lateral nonuniformity in the Ru work function.

IV. SUMMARY/CONCLUSIONS

The electrical properties, morphology, and composition of Ru
deposited by thermal ALD using Ru(DMBD)(CO)3 and O2 were
investigated before and after annealing at up to 500 °C in either N2

or H2/N2. GIXRD and omega XRD scans of as-deposited films
indicate randomly oriented polycrystalline hexagonal Ru with an
estimated average crystallite size of ∼6.3 nm. Polycrystalline RuO2

was not detected. The average resistivity, ρ, of as-deposited films
thicker than 30 nm was approximately 16 μΩ cm, increasing with
decreasing thickness for films thinner than about 30 nm. Annealing
for 20 min in N2 at 400 °C reduced ρ to an average of 13.7 μΩ cm
with no significant additional drop in ρ for increased temperature
up to 500 °C or time up to 60 min. Annealing in H2/N2 gas pro-
duced a lower average ρ with the best results obtained after 60 min
at 500 °C, which yielded an average ρ of 9.4 μΩ cm, approaching
that of bulk Ru (7.1–7.8 μΩ cm).

Since annealing in either gas resulted in nearly the same
average crystallite size and RMS roughness, the lower resistivity
produced by the H2/N2 anneal versus the N2 anneal is likely due to
the lower residual concentrations of C, O, and H in the H2/N2

annealed films, attributable to the reducing nature of the H2/N2

ambient. Using a series of MOS capacitors, the ΦM,eff for H2/N2

annealed Ru on ALD-deposited Al2O3 was determined to be
4.9 eV, while ΦM,eff on ALD-deposited HfO2 was determined to be
5.3 eV. The difference in ΦM,eff between the two insulators is con-
sistent with direct IPE measurements of the wBn between the Ru
Fermi level and the Al2O3 or HfO2 conduction band edge for MIM
devices annealed for 60 min at 500 °C in H2/N2, determined to be
3.4 ± 0.1 and 3.8 ± 0.1 eV, respectively. The larger measured ΦM,eff

and wBn on HfO2 versus Al2O3 may be due to the presence of an
RuOx interfacial layer. Overall, the low ρ and large ΦM,eff of ALD
Ru deposited using Ru(DMBD)(CO)3 and O2 appears promising
for microelectronics applications.
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APPENDIX: Stability of Ru(DMBD)(CO)3 under delivery
conditions

ALD precursors containing carbonyl ligands are often regarded
as having reduced thermal stability and lower decomposition temper-
ature relative to those containing more robust and less easily dis-
placed ligand types. Considering this, the suitability for ALD of such
precursors is often questioned, as problems could arise with stability
lifetime in the source vessel while heated to the evaporation tempera-
ture. Low thermal stability can also negatively affect the transport of
vapor from the source vessel to the deposition chamber and, if insuf-
ficient, can lead to contamination or blockage of source lines, as well
as malfunction of components such as pulsing valves. Furthermore,
the upper limit of thermal stability typically marks the temperature
beyond which the film growth mode begins to acquire a significant
CVD-like character and may start to show loss of features representa-
tive of ALD, namely, self-limiting growth, thickness uniformity, and
conformality. Although the saturating film growth temperature range
has been described in detail in previous publications,25,27,57 the
stability of Ru(DMBD)(CO)3 has recently been called into ques-
tion.27 In addition, the long term stability of Ru(DMBD)(CO)3 at
temperatures similar to those used in the source delivery system has
not been reported before. To address this, we have performed a
series of experiments where samples of Ru(DMBD)(CO)3 have been
continuously heated in N2 at 45 and 60 °C for varying intervals of
time up to eight weeks and examined for signs of decomposition by
visual inspection and by 1H NMR. Images of the samples prior to
and after heating are shown in Fig. 8. A change in appearance from
nearly colorless to pale yellow was observed upon heating which
gradually intensified over the course of eight weeks to a golden-
brown color. Analysis of the same samples by 1H NMR revealed
only those resonances originating from Ru(DMBD)(CO)3 at chemi-
cal shifts of 1.92 ppm (s, 6H, CH3), 1.45 ppm (d, 2H, CH2), and
0.0 ppm (d, 2H, CH2), plus one small unidentified impurity peak at
1.28 ppm, all of which were present in the original unheated sample.
The integrated area of the impurity peak was compared to those of
the precursor compound and was found to be consistent over the
period of the experiment. This indicates that despite visual changes
in the material, the composition of the material was not measurably
changed. The NMR spectra can be found in Ref. 58. A summary of
the results of the precursor’s stability study can be found in Table III.
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45 °C 60 °C

Time

NMR
purity
(%) Color

NMR
purity
(%) Color

Initial
(preheating)
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clear

97.5 Colorless/pale
yellow and

clear
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yellow and
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97.5 Pale yellow,
slightly darker
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