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Atomic Layer Deposition of RuAlO Thin Films as a Diffusion
Barrier for Seedless Cu Interconnects
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Ruthenium (Ru)-based ternary thin films (RuAlO) were prepared by thermal atomic layer deposition (ALD) with repeated super-
cycles consisting of Ru and Al2O3 ALD sub-cycles at 225�C. The step coverage of ALD-RuAlO was excellent, around 93% at
contact holes with an aspect ratio of �29 (top-opening diameter: �74 nm). Transmission electron microscopy analysis showed
that RuAlO films formed with non-columnar grains and a nano-crystalline microstructure consisting of Ru nano-crystals separated
by amorphous Al2O3. The sheet resistance and X-ray diffraction showed that the structure of Cu (100 nm)/RuAlO (15 nm)/Si was
stable after annealing at 650�C for 30 min. Fifty nanometer-thick Cu was electrodeposited directly on RuAlO film, suggesting that
it could be a viable candidate as a Cu direct plateable diffusion barrier.
VC 2011 The Electrochemical Society. [DOI: 10.1149/1.3556980] All rights reserved.
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The current structure of Cu interconnects consists of electro-
plated (EP)-Cu that is responsible for the most of the current and an
underlying stack of a relatively high-resistive Ta/TaN diffusion bar-
rier and Cu seed layer for the Cu EP process, which is deposited
mostly by physical vapor deposition (PVD).1 However, with the
continuous scaling-down of devices, the filling of EP-Cu into pat-
terned features becomes increasingly difficult, which is aggravated
by the underlying thick diffusion barrier and seed layer. Moreover,
an unwanted and drastic increase in Cu wire resistance occurs due
to the size effect on the resistivity of metal films.2,3 Both problems
can be addressed by increasing the volume of EP-Cu filled in the
patterned features by the direct plating of Cu because the EP of Cu
can be achieved on a diffusion barrier without a seed layer. The
conformality, thickness controllability, and large-area uniformity of
the process for a Cu direct-plateable diffusion barrier need to be
considered due to continuous scaling of the devices. Atomic layer
deposition (ALD) is a viable solution for depositing a Cu direct-
plateable diffusion barrier because it employs a self-limiting film
growth mode through surface-saturated reactions, which enables
atomic-scale control of the film thickness with excellent step
coverage.4

Ru has been suggested as a diffusion barrier for seedless Cu
interconnects.5,6 In addition, Ru films have been grown success-
fully by ALD using a variety of Ru metallorganic precursors with
excellent step coverage.7–12 However, Ru itself is not a suitable
diffusion barrier against Cu due mainly to its poor microstructure
with polycrystalline columnar grains.13,14 Indeed, many studies
demonstrated that the microstructure plays an important role in the
resulting diffusion barrier performance.15 Two types of approaches
were reported to address the poor diffusion barrier performance
and obtain reliable seedless Cu interconnects with Ru. The first is
to use Ru as a seed layer and combine it with superior materials to
function as a diffusion barrier against Cu. Sputtered–deposited Ru/
TaN,16 Ru/Ta,17 Ru/WNx

14 bilayers, and atomic layer deposited
Ru/TaCN bilayer18 have been suggested and their diffusion barrier
performance against Cu were superior to a Ru single layer with the
same thickness. Nevertheless, bilayer diffusion barriers require
additional process that can increase the processing cost. Moreover,
the volume of the trench for Cu to be filled becomes narrow due to
the additional materials prior to the EP of Cu. The second
approach is to modify the microstructure of Ru to an amorphous or
nanocrystalline structure. A basic idea is to incorporate materials
into Ru during deposition to produce Ru-based multicomponent
films. Ru-TiN,19 Ru-TaN,20 Ru-WCN,21 and RuSiN22 films were
suggested and the successful direct plating of Cu on them was also
reported. However, all reports on them used plasma-enhanced

ALD. Generally, the conformality of plasma-based process is more
limited due to the high probability of surface recombination of re-
active radicals in higher aspect structures.23,24 In this study, Ru-
based ternary thin films were developed using a thermal ALD
process. ALD-Al2O3 was incorporated into ALD-Ru to prevent its
columnar growth, and a ternary thin film, RuAlO, with a nanocrys-
talline and non-columnar grain structure, was fabricated at 225�C.
Finally, its diffusion barrier performance against Cu was compared
with ALD-Ru.

ALD-RuAlO films were deposited on SiO2 (100 nm)/Si and TiN
(20 nm)/SiO2 (100 nm)/Si using a traveling wave-type thermal ALD
reactor (Lucida-D100, NCD Technology, Korea) at a deposition
temperature of 225�C and pressure of 1 Torr. RuAlO films were de-
posited by repeating the super-cycles consisting of Ru and Al2O3

ALD sub-cycles. Each sub-cycle consisted of several unit cycles.
A single unit cycle was comprised of a precursor injection pulse, a
purge pulse, a reactant injection pulse, and another purge pulse.
IMBCHRu [(g6�1-Isopropyl�4-methylbenzene) (g4�cyclohexa-
1, 3-diene) ruthenium (0), C15H22Ru] and trimethylaluminum
[TMA, (CH3)3Al] were used as the Ru and Al2O3 precursors, respec-
tively. Molecular O2 and water vapor were used as the reactants for the
Ru and Al precursor, respectively. The temperature of the canisters
containing IMBCHRu, TMA and water were kept at 120, 10 and
10�C, respectively. A zero metal valence Ru precursor was used
because a previous study reported that it could improve significantly
the nucleation of ALD-Ru on a SiO2 surface,12 which is important,
particularly when the Ru-based ALD process is applied to the nano-
scale regime. The pulse time of IMBCHRu and TMA was varied
from 1 to 12 s and 0.1 to 2 s, respectively, to determine the precursor
pulse times to guarantee self-limiting film growth. N2 as a purge gas
was flowed for 10 s immediately after injecting the precursors, O2

molecules and water vapor. The intermixing ratios of Ru and Al2O3

in the deposited films could be controlled by changing the number
of unit cycles in an Al2O3 sub-cycle, whereas the number of unit
cycles allocated for a Ru sub-cycle was fixed to 40 cycles. The num-
ber of total super-cycles was five, which means that the total cycles
of ALD-Ru was 200.

First, the Ru and Al2O3 ALD processes were characterized. The
growth rate of the Ru and Al2O3 films were determined from the
thickness with the deposition condition using cross-sectional view
transmission electron microscopy (XTEM, Tecnai F20 equipped
with 200 kV accelerating voltage and field emission gun). The com-
position of ALD-Ru and ALD-Al2O3 was characterized by second-
ary ion mass spectrometry (SIMS, CAMECA IMS-6f in Korea Ba-
sic Science Institute) and Auger electron spectroscopy (AES) depth
profiling, respectively. The SIMS results on ALD-Ru were cali-
brated by Rutherford backscattering spectrometry (RBS). The incor-
poration of Al and O into Ru was also confirmed by SIMS. The
properties of the RuAlO films were analyzed comparatively to the
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Ru counterpart to determine the effect of Al2O3 addition to Ru.
Plan-view TEM and XTEM were used to examine the microstruc-
tures of the Ru and RuAlO films. The step coverage of the ALD-
RuAlO films were evaluated at the contacts with an aspect of �29
(top opening diameter: �74 nm). The diffusion barrier performance
of RuAlO film between Cu and Si was evaluated. One hundred-
nanometer-thick Cu films were deposited onto 15-nm-thick RuAlO-
covered Si wafers by sputtering. The Cu/RuAlO/Si samples were
then annealed in a high vacuum (< 2 � 10�6 Torr) for 30 min at
temperatures ranging from 450 to 700�C at 50�C intervals. The bar-
rier performances were evaluated by sheet resistance measurements
and x-ray diffraction (XRD) after annealing. Finally, Cu was elec-
trodeposited directly onto an 10 nm-thick RuAlO ALD-RuAlO film
to test the feasibility of the film as a diffusion barrier for seedless
Cu interconnects. The detailed condition for the EP of Cu could be
found elsewhere.12

The effect of the precursor pulse time for Ru and Al2O3 was
examined. Ru growth was self-limited with a precursor pulsing of
5 s, whereas Al2O3 growth was self-limited with only a 0.1 s precur-
sor pulse, as shown in Figs. 1a and 1b. The growth rates of Ru and

Al2O3 ALD were 0.084 and 0.105 nm/cycle, respectively. Figure 1c
shows the SIMS depth profile of ALD-Ru film deposited on SiO2.
Although the process was performed using O2 gas, no oxygen was
incorporated into the film. A very little amount of carbon (�1.8
atom %) was incorporated into the film, indicating that O2 was a
very effective reactant for reducing IMBCHRu to Ru. We consid-
ered that the large amount of carbon at the interface between SiO2

and ALD-Ru was mainly due to the artifact of SIMS analysis rather
than substrate contamination prior to deposition. Structural analysis
by XRD and electron diffraction12 showed that the film consisted of
hexagonal-close-packed (HCP) Ru with no tetragonal RuO2 phase.
The resistivity of Ru was approximately 40 lX cm. Figure 1d shows
the AES depth profile of ALD-Al2O3. We could not detect carbon in
the Al2O3 film, indicating water vapor is an effective reducing agent
for TMA. The AES results showed that the film is O-rich Al2O3, its
composition was determined as Al2O3.37.

From these results, one Ru ALD unit cycle was set as IMBCHRu
pulse (5 s) – N2 purge (10 s) – O2 pulse (0.5 s) � N2 purge (10 s),
and one Al2O3 ALD unit cycle was set as TMA (0.2 s) pulse � N2

purge (10 s) �H2O pulse (0.2 s) � N2 purge (10 s) for preparing a
RuAlO film, and various RuAlO thin films could be prepared with a
different number of Ru and Al2O3 unit cycles as shown schemati-
cally in Fig. 2a. Figure 2b shows the secondary ion intensities of the
RuAlO film deposited on a SiO2 substrate from SIMS depth profil-
ing. Here, the number of ALD-Al2O3 unit cycles was three. The sec-
ondary ion intensities from Al and O in the film suggest that Al2O3

had been incorporated successfully in the Ru film by the addition of
ALD-Al2O3 cycles cyclically to Ru ALD cycles.

The relevant films were analyzed by TEM to confirm the phase
and characterize the microstructure of the RuAlO films in detail. For
comparison, TEM analysis was performed on ALD-Ru film. The
plan-view TEM bright-field (BF) image Fig. 3a of the ALD-Ru film
shows crystalline grains with a size of approximately 10–20 nm.
Grain boundaries are clearly observed between the Ru grains. Corre-
sponding selected-area electron diffraction analysis (the inset of Fig.
3a) revealed a spotty pattern, confirming that the ALD-Ru formed
randomly-oriented polycrystalline grains. Indexing of the diffraction
pattern indicated that the film formed HCP crystalline Ru. The
ALD-Ru film formed a columnar microstructure, where the grain
boundaries were vertical with respect to the TiN substrate, as shown
by the cross-sectional view TEM image (Fig. 3b). The plan-view
TEM image of ALD-RuAlO film (Fig. 3c) showed that relatively
dark-contrast grains, �3 nm in size, are distributed uniformly with
bright-contrast regions separating the dark-contrast grains. The cor-
responding selected-area electron diffraction pattern (the inset of
Fig. 3c) was less spotty and formed a ring-type pattern, showing that
the sizes of the crystal grains were reduced significantly compared
to those of the Ru counterpart. This is closely matched with that of
HCP-Ru, indicating that the grains with dark-contrast shown in

Figure 1. (Color online) (a) Growth rate of ALD-Ru process as a function
of the Ru precursor pulsing time, (b) growth rate of ALD-Al2O3 process as a
function of the Al precursor pulsing time, (c) SIMS depth profiles of
ALD-Ru film, and (d) AES depth profile of ALD-Al2O3 film.

Figure 2. (Color online). (a) Schematic
diagram of the process sequence on ALD-
RuAlO and (b) SIMS depth profile of
RuAlO film (number of ALD-Ru sub-
cycles: 40 and number of ALD-Al2O3 sub-
cycles: 3).
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TEM image are crystalline Ru. The cross-sectional view TEM
image of ALD-RuAlO (Fig. 3d) is quite different from to that of
ALD-Ru. The layered structure of Ru/Al2O3 was not observed but
nano-crystals with dark contrast appear to be embedded into regions
with brighter contrast. Plan-view TEM analysis (data not shown
here) showed that the ALD-Ru film deposited by 40 ALD cycles
was not continuous. In addition, the periodic addition of three Al2O3

ALD cycles between Ru growth, which was not sufficient for mak-
ing continuous Al2O3 films, produced amorphous Al2O3 both on the
Ru nanocrystals and the open regions between them. Considering
both SIMS results (Fig. 2b) and the mass contrast of the TEM
image, it is believed that the bright region separating the Ru nanocrys-
tals was amorphous Al2O3. Finally, the columnar grain structure of
Ru was destroyed and dense amorphous Al2O3 was filled between Ru
nanocrystals. The formation of this type of microstructure by the
incorporation of Al2O3 into Ru will provide better performance as a
diffusion barrier against Cu compared to the Ru counterpart, which
has a columnar grain structure to give a fast pathway for Cu diffusion.

Figures 4a–4c shows the change in step coverage of the ALD-
RuAlO film at the contact hole formed in the SiO2 layer with an as-
pect ratio of �29 (top-opening diameter: �74 nm and contact
height: �2150 nm). Here, the number of Al2O3 unit cycles was
three. The step coverage was almost perfect in these ultra high as-
pect ratio contact holes. The XTEM images of the top (Fig. 4a),
middle (Fig. 4b) and bottom (Fig. 4c) of the contact showed that the
thickness of the ALD RuAlO was between �14.2 and �15.3 nm.
This gives step coverage of 93% (defined by the bottom thickness/
top thickness). The excellent step coverage of RuAlO was attributed
to the ideal ALD growth of Ru and Al2O3 without partial decompo-
sition of the precursors, as shown in Figs. 1a and 1b. Indeed, the
step coverage of the Ru film at the same contact holes (Figs. 4d–4f)
was excellent under the growth condition used in this study and that
of ALD-Al2O3 was also excellent, as shown in Figs. 4g–4i.

Figure 5a shows the changes in the sheet resistance of the Cu
(100 nm)/RuAlO (15 nm)/Si wafer samples as a function of the
annealing temperature. The sheet resistance mainly represents the
conditions and quantities of the Cu layer because it carries most of
the sensor current. The sheet resistance contributions from RuAlO
can be neglected because of its much higher resistivity (�210 lX
cm) and thinner thickness than Cu. The sheet resistances of the mul-
tilayer samples were not higher than that of the as-deposited sample

until annealing at 650�C. Annealing below 650�C resulted in a
decrease in sheet resistance, probably due to the increase in the
grain size of the Cu films and defect annihilation in the Cu film. The
sheet resistance increased abruptly after annealing at 700�C. XRD
analysis of the annealed samples was performed to explain the
increase in sheet resistance of the multilayer structure. Figure 5b
shows the corresponding XRD results for the annealed samples. In
the case of the as-deposited Cu (100 nm)/RuAlO (15 nm)/Si sample,
peaks from face-centered-cubic (FCC) Cu, and the Si substrate were
detected. XRD clearly shows that the initial multilayer structure of
Cu (100 nm)/RuAlO (15 nm)/Si is preserved until annealing at
650�C, and the intensities of the peaks from Cu increased, indicating
an increase in the grain sizes of Cu with annealing. The peaks from
Ru [(10�10), 2h¼ 38.57� and (1013), 2h¼ 78.47�] developed, indi-
cating that the grains sizes of Ru in the RuAlO film increased with
annealing. This also shows that Cu silicides (2h¼ 45.19�) are first
detected after annealing at 650�C but the intensity is weak, and
strong Cu peaks are still observed. This suggests that Cu diffusion
into Si to form Cu silicide is not severe. Indeed, the sheet resistance
was not increased after annealing at 650�C, as shown in Fig. 5a.
When the annealing temperature was increased to 700�C, where the
sudden increase in sheet resistance was observed, various types of
Cu silicides were detected with a decrease in the Cu peak, even
though the dominant Cu silicide formed was g00-Cu3Si. This

Figure 3. (a) Plan-view, (b) cross-sectional view TEM (XTEM) image of
ALD-Ru film, (c) plan-view, and (d) XTEM image of ALD-RuAlO film.

Figure 4. XTEM images to show the step converges of ALD-RuAlO, ALD-
Ru, and ALD-Al2O3; (a) XTEM image on ALD-RuAlO at the top, (b) mid-
dle, (c) bottom of the contact, (d) XTEM image on ALD-Ru at the top, (d)
middle, (f) bottom of the contact, (g) XTEM image on ALD-Al2O3 at the
top, (h) middle, and (i) bottom of the contact. The aspect ratio of the contact
is �29 and the top opening diameter is �74 nm.
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suggests that the drastic increase in sheet resistance is caused mainly
by the consumption of Cu and the formation of Cu silicide via the
diffusion of Cu into Si through RuAlO, which has a much higher re-
sistivity than Cu.25 The improved diffusion barrier performance of
RuAlO against Cu is due to its nano-crystalline non-columnar struc-
ture, which extends the length of the rapid diffusion path of Cu,
such as grain boundaries, compared to the columnar grain structure
of Ru.

Figure 5c shows a XTEM image of the sample annealed at
650�C. Although the Cu silicides were detected in the annealed
sample at this temperature from XRD analysis, no Cu silicide was
obtained from XTEM analysis. This suggests that the failure of a
RuAlO diffusion barrier at 650�C occurred locally and was not
severe. In the sample annealed at 700�C (Fig. 5d), a new triangular
shaped phase was formed. This was identified as a g00-Cu3Si phase
from energy dispersive spectroscopy (EDS) and electron diffrac-
tion. However, RuAlO still preserved its layer at the location
where failure occurred. This result indicated that ALD-RuAlO dif-
fusion barrier failed between Cu and Si by the diffusion of Cu
through the RuAlO, resulting in the formation of crystalline
defects in the Si or Cu silicides not by the interfacial reactions
between the barrier layer and adjacent layers. Finally, we tested a
possibility of Cu direct plating on 10 nm-thick ALD-RuAlO film
deposited with the Al2O3 unit cycles of 3. Cross-sectional view
scanning electron microscopy analysis (not shown here) confirmed
that Cu films as thin as �50 nm were successfully and continu-
ously grown on ALD-RuAlO film by electroplating. This indicated
that Cu nuclei were formed very fast during the electroplating on
ALD-RuAlO film.

Summary and Conclusions

Ru-based ternary thin films, RuAlO, were prepared by thermal
ALD by combining ALD-Ru and ALD-Al2O3 processes at 225�C as

a diffusion barrier for seedless Cu interconnects. TEM analysis
showed that a RuAlO film formed with non-columnar grains and a
nano-crystalline microstructure consisting of Ru nano-crystals sepa-
rated by amorphous Al2O3, whereas the Ru films were polycrystal-
line with columnar grains. The step coverage of ALD-RuAlO was
excellent, around 93% at contact holes with an aspect ratio of �29.
The sheet resistance measurements and XRD showed that the struc-
ture of Cu (100 nm)/RuAlO (15 nm)/Si was stable after annealing at
650�C for 30 min, whereas the Cu (100 nm)/Ru (15 nm)/Si structure
failed after annealing at 45�C.14 An excellent barrier property of
ALD-RuAlO for blanket film indicates that it would have superior
properties in device structures because of its inherent good
conformality. The electroplating of Cu was achieved on a very thin
(10-nm-thick) RuAlO film. Therefore, the ALD-RuAlO thin film
developed in this study can be a viable candidate as a diffusion bar-
rier for seedless Cu interconnects, and will be beneficial in reducing
the increase in resistance in Cu wiring caused by the size effect.
But, it should be indicated that the diffusion barrier investigated in
this study is quite thick to directly apply for the future Cu intercon-
nect. Thus, further studies with a thinner thickness are being investi-
gated and will be reported in near future.
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