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With the advancement of Moore's Law, the metal linewidth has gradually reduced and Cu interconnection
has lost its advantages. This paper explores the advantage of ruthenium (Ru) as a next-generation
interconnection material. An Ru film with a resistivity of 15 pQ cm and roughness of 0.8 nm was
fabricated via  atomic  layer deposition (ALD) using the  metal-organic  precursor

Received 14th January 2025 ) ) .
Accepted 20th April 2025 (bis(ethylcyclopentadienyl)ruthenium [Ru(EtCp),]) and oxygen as the reactant. Excellent step coverage
and filling in nanoTSV arrays with a critical dimension (CD) of 30 nm and an aspect ratio (AR) of
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1. Introduction

Since the early 2000s, Cu has been the most commonly used
interconnect material for ICs owing to its low resistivity and
superior reliability." With the continuous development of IC
technology, the dimensions of metal interconnects are
progressively reducing, leading to a significant increase in Cu
resistance, attributed to the electron surface scattering effect.>®
The increase in resistance will lead to considerable interconnect
delay. The high delay will significantly affect signal trans-
mission speed and thereby reduce the overall computing speed
of the IC.*” To solve this problem, it is of great significance to
find the next generation of interconnect materials that can
replace Cu.

Owing to its good chemical stability, thermal stability,
excellent electrical properties, low resistivity (approximately 7.1
pQ cm), high work function (approximately 4.7 eV), and its
ability for dry etching, Ru films have found many applications
in the field of microelectronics, such as in gate materials as
a substitute for W and in capacitor electrodes in dynamic
random access memory (DRAM).*"> More interestingly, Ru is
considered one of the most promising metals that can replace
Cu interconnects.*'**®

Atomic layer deposition (ALD) is a thin film preparation
technique that allows layer-by-layer growth at the atomic level
with precise thickness control and high coverage. ALD can be
used to grow thin films on nanostructured substrates for
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a replacement for Cu interconnects in advanced integrated circuits (ICs).

avariety of applications, including nanoelectronic devices.'”*® It
has been reported that many researchers have explored the
growth of Ru films on the planar substrates using ALD.">* Ru
films have been grown via ALD using various precursors,
including [Ru(chd),],** [Ru(Cp),],”” [Ru(DMBD)(CO);],*® and
[Ru(EtCp),].>>*® These films have shown excellent performance,
such as low resistivity (15-20 pQ cm). However, there is still
alack of reliable processes for filling Ru in high-aspect-ratio and
extremely narrow trenches. The most significant limitation of
this process is that there will be some voids in the trenches, and
it is challenging to obtain void-free filling in high-aspect-ratio
trenches.

In this paper, Ru(EtCp), was selected as the precursor owing
to its high saturated vapor pressure, and the resultant Ru films
exhibited low resistivity. We successfully developed the process
through ALD using Ru(EtCp), and oxygen gas to fabricate Ru
films with low resistivity, low roughness, and a high growth rate.
Then, we developed an Ru-filled nanoTSV (through-silicon via)
process to examine the damascene process of Ru. Interestingly,
Ru was successfully filled into nanoTSV with high coverage and
low resistivity through ALD.

2. Experimental

Ru films were deposited on SiO, (10 nm-thick)/Si wafers using
an ALD reactor (NCE200R) with an 8-inch diameter wafer scale.
SiO, films were prepared via ALD. A metal-organic precursor
(bis(ethylcyclopentadienyl)ruthenium [Ru(EtCp),]) and oxygen
gas were used as the ruthenium precursor and reactant,
respectively. The reaction principle is shown in Fig. 1. The
deposition temperature and pressure during ALD were 260-
310 °C and 1 torr, respectively. Ru(EtCp), is a yellow liquid
precursor at room temperature with good thermal stability and

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://crossmark.crossref.org/dialog/?doi=10.1039/d5na00051c&domain=pdf&date_stamp=2025-06-06
http://orcid.org/0009-0002-0364-5229
http://orcid.org/0009-0002-2735-9606
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5na00051c
https://pubs.rsc.org/en/journals/journal/NA
https://pubs.rsc.org/en/journals/journal/NA?issueid=NA007012

Open Access Article. Published on 01 May 2025. Downloaded on 11/10/2025 11:52:36 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper
o VQ )
[Ru(EtCp),] 0,

Fig. 1 Reaction principle of atomic layer deposition.

a relatively high vapor pressure of 0.18 torr at 80 °C. The Ru
precursor was vaporized in a bubbler at 80 °C and carried to the
process chamber using argon with a flow rate of 120 scem. The
temperature of the precursor conveying system was maintained
at 125 °C to prevent precursor condensation. One deposition
cycle for Ru films comprised four steps: a Ru(EtCp), vapor
pulse, a purge pulse with 120 scem argon gas, a pulse for
exposure to oxygen gas, and another purge pulse with 120 sccm
argon gas. This cycle can be repeated several times to obtain the
desired film thickness.

The thickness of Ru films was measured using field-emission
scanning electron microscopy (FESEM) and transmission elec-
tron microscopy (TEM). Film resistivity was calculated from the
film thickness and sheet resistance measured using a four-point
probe. Film composition and impurity were analysed using X-
ray photoelectron spectroscopy (XPS, Nexsa G2 Thermo
Fisher). The film surface was observed using FESEM, and the
roughness of films was measured using atomic force micros-
copy (AFM, SPA-300, Seiko).

3. Results and discussion

First, to evaluate the effect of the Ru(EtCp), pulse time, the
dependence of the deposited Ru film growth per cycle (GPC) and
the resistivity were investigated. The deposition temperature
and pressure during ALD were 300 °C and 1 torr, respectively.
The pulse time of oxygen gas was fixed at 12 s. The number of
ALD deposition cycles was 750. As shown in Fig. 2a, as the
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Ru(EtCp), pulse time increased, the deposited Ru film GPC
gradually increased. Interestingly, when the pulse time excee-
ded 3 s, the growth rate did not increase and remained at 0.6 A
per cycle. This indicates that the film deposition follows one of
the inherent characteristics of ALD, a so-called self-limited
reaction.*> Moreover, as the Ru(EtCp), pulse time increased,
the resistivity of the deposited Ru film sharply decreased from
45 nQ cm to a stable value of approximately 15 pQ cm. This
unusual phenomenon attracted our attention.

To investigate this unusual phenomenon for Ru film depo-
sition, XPS analyses were performed on Ru films deposited at
300 °C with Ru(EtCp), pulse times of 1 and 3 s, respectively. As
can be seen in Fig. 3, when the Ru(EtCp), pulse time was 1 s,
three distinct peaks were observed in the XPS spectra. The Ru 3d
doublets can be attributed to spin-orbit splitting, resulting in
distinet binding energy peaks for the Ru 3ds,, and 3d;, orbitals.
The peaks at 280.1 and 284.3 eV correspond to the Ru 3ds/, and
3d;, states of metallic Ru, respectively, while the peak at
280.7 eV can be attributed to RuO,. When the Ru(EtCp), pulse
time was 3 s, the XPS spectra only showed the peaks of Ru 3ds/,
and 3ds/, without any signal corresponding to RuO,. This
indicated that when the pulse time of Ru(EtCp), was less than
3 s, the reaction between Ru(EtCp), and O, did not result in the
formation of pure Ru. Instead, a side-reaction took place,
leading to the formation of RuO,. This finding was consistent
with a previous study that investigated the influence of
Ru(EtCp), pulse time on the properties of ALD Ru films.** The
resistivity of RuO, (approximately 70 pQ cm) is considerably
higher than that of metallic Ru (approximately 15 uQ cm),
suggesting that the presence of RuO, impurities is an important
factor contributing to the elevated resistivity of Ru films
deposited under insufficient precursor pulse conditions. When
the Ru(EtCp), pulse time was greater than or equal to 3 s, the
resistivity stabilized at approximately 15 pQ cm, demonstrating
the successful deposition of oxygen-free metallic Ru. This
indicates that for certain reaction temperature and oxygen, the
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Fig.2 ALD Ru films deposited on SiO,/Si substrates at 300 °C as a function of Ru(EtCp), pulse time. The pulse time of O, was fixed to 12 s and the
number of ALD deposition cycles was 750: (a) the dependence of GPC on Ru(EtCp), pulse time. (b) The dependence of resistivity on Ru(EtCp),

pulse time.
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Fig.3 XPS of ALD Ru films deposited on SiO,/Si substrates at temperatures of 300 °C: (a) the Ru(EtCp), pulse time for 1 s. (b) The Ru(EtCp), pulse

time for 3 s.

amount of Ru precursor will determine whether RuO, is
produced.

Subsequently, the nanoTSV arrays were filled at 300 °C with
the pulse times of Ru(EtCp), and O, being set to 3 and 12 s,
respectively. As can be seen in Fig. 4a, the nanoTSV arrays were
not perfectly filled. There were voids in the middle of the
trenches that were not densely filled, which could be seen from
the elemental analysis in Fig. 4b. The grain size of Ru was
relatively large. The roughness of the Ru film was analysed by
AFM. The roughness was 2.83 nm, as can be seen in Fig. 4c, and
the maximum Ru grain height reached 10.7 nm. We believe that
the excessive roughness is the primary factor affecting the
density of nanoTSV filling. Non-uniform roughness can induce
localized over deposition of Ru, preferentially accumulating at
protruding features near the trench entrance. This geometrical
shadowing effect obstructs precursor diffusion into the deeper
regions, leading to void formation within the nanoTSV. This
filling result fails to meet the electrical requirements. Therefore,

it is particularly important to explore the influence relationship
on roughness to reduce roughness.

The factors affecting the roughness were examined, and it
was found that the growth temperature and Ru(EtCp), pulse
time had an effect on roughness. Fig. 5a shows the roughness of
the deposited film as a function of the Ru(EtCp), pulse time.
The deposition temperature was fixed at 275 °C. With increase
in the pulse time of Ru(EtCp),, the roughness of Ru film first
decreased, then increased and finally became stable. The
minimum roughness was obtained at 2 s. Fig. 5b shows the
roughness of the deposited film as a function of temperature.
The deposition temperatures were varied from 260 to 310 °C,
while the Ru(EtCp), pulse time was fixed at 2 s. With increase in
temperature, the roughness of the deposited film was gradually
decreasing and then increased. The minimum roughness of
0.8 nm was obtained at 275 °C. Fig. 5¢ shows the dependence of
film thickness deposited in one cycle and the resistivity of the
deposited films on the deposition temperature. The deposition
temperatures were varied from 260 to 300 °C. The Ru(EtCp),

(b) (c) wRMS xpughness:2.83 nm AR
S ™ ’ .
200 nffl
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Fig.4 ALD Ru films for filling the nanoTSV arrays under the condition of deposition temperature of 300 °C, Ru(EtCp), pulse time for 3 s and the
pulse time of O, was fixed to 12 s. (a) TEM image of Ru filling for nanoTSV. (b) TEM elemental analysis. (c) AFM image (1 x 1 um) of Ru film surface.
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(a) The dependence of roughness on the Ru(EtCp), pulse time. (b) The dependence of roughness on the deposition temperature. (c) The

dependence of GPC and resistivity of ALD Ru films on temperature. The pulse time of O, was fixed at 12 s and the number of deposition cycles

was 750.

pulse time was fixed at 2 s. With increase in temperature, the Ru
films growth per cycle would increase; however, when the
deposition temperature was greater than 275 °C, it would
decrease. The resistivity had a minimum value of approximately
15 uQ cm at 275 °C. This resistivity is similar to that reported in
previous reports.’**® The resistivity gradually increased with
elevated temperatures, which correlated with the formation of
RuO, owing to oxidation reactions under high-temperature ALD
conditions. These results are similar to those in a previous
report on the effect of temperature on ALD Ru.?® It was reported
that the resistivity of ALD Ru films increased at high tempera-
tures, which was primarily attributed to the formation of RuO,.

Fig. 6 shows that Ru films were deposited on SiO, (10 nm-
thick)/Si wafers at a deposition temperature and an Ru(EtCp),
pulse time of 275 °C and 2 s, respectively. Other experimental
conditions were the same as those mentioned above. Under the
optimized experimental conditions, Ru grains were observed to
be small, uniformly distributed, and densely packed, forming
a continuous film as demonstrated by the SEM image in Fig. 6a.
Fig. 6b shows the SEM side-view of the Ru film. The Ru film
deposited over 750 cycles exhibited the thickness of approxi-
mately 45 nm, corresponding to a growth rate of 0.6 A per cycle.
This indicated that the self-limiting reaction had been achieved
when the reaction temperature was 275 °C and the pulse time of
Ru precursor was 2 s. Fig. 6¢ shows the AFM image of the Ru

film. The measured surface roughness of the Ru film was
0.8 nm, representing the lowest value achieved in this study.
This minimized roughness considerably enhanced the
conformal filling capability of nanoTSV by reducing geometric
shadowing effects during ALD.

Finally, the optimized experimental conditions were applied
to fill the nanoTSV arrays, and the resultant arrays were
analyzed (Fig. 7). Fig. 7a and b show the filling effect of the
nanoTSV arrays. NanoTSV arrays were densely filled with 100%
step coverage. The EDS analysis of the Ru film revealed no
detectable oxygen signal, confirming the formation of pure Ru.
This oxygen-free deposition was then corroborated by the
elemental maps in Fig. 7c and f. The crystal structure of the Ru
film was analysed by TEM. As can be seen in Fig. 7d, the TEM
image revealed a polycrystalline structure, with lattice fringes
corresponding to the hexagonal close-packed phase of metallic
Ru. Previous studies have achieved either dense filling of
microscale structures' or conformal coverage in nanoscale
features.'>'* However, this work achieves void-free Ru filling in
ultrahigh aspect ratio nanoTSVs (30 nm width x 450 nm
height), representing a critical advancement toward next-
generation interconnects. The combined metrics of low resis-

tivity and seamless filling position Ru as a promising candidate
to replace conventional Cu-interconnects in advanced tech-
nology nodes.

3.4 nm

(C; RMS roughness: 0.8 mm
» -

Fig. 6 Plan-view (a) and side-view (b) scanning electron microscopy (SEM) images of Ru films deposited on 10 nm SiO,/Si substrates at 275 °C
after 750 ALD cycles with an Ru(EtCp), pulsing time of 2 s and O, exposure time of 12 s. (c) AFM image (1 x 1 um) of the Ru film surface.
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Fig. 7 ALD Ru films for filling the nanoTSV arrays at a temperature of 275 °C, Ru(EtCp), pulse time of 2 s and O, exposure time of 12 s. (a) Side-
view SEM images of nanoTSV filled with Ru. (b) Side-view TEM images of nanoTSV filled with Ru. (c) Elemental analysis of Ru via TEM. (d) Lattice
analysis via TEM. (e) Elemental analysis of Si via TEM. (f) Elemental analysis of O via TEM.

4. Conclusions

In summary, Ru films were successfully deposited on SiO, (10
nm-thick)/Si wafers by thermal ALD using Ru(EtCp), and oxygen
at growth temperatures ranging from 260 °C to 310 °C, with the
oxygen pulse time fixed at 12 s. The Ru film during one depo-
sition cycle was saturated at 0.6 A per cycle and had a resistivity
of 15 uQ cm. Elevated growth temperatures or insufficient
Ru(EtCp), pulse times promoted RuO, formation, resulting in
increasing resistivity of the Ru film. When the growth temper-
ature was 275 °C and the pulse time of Ru(EtCp), was 2 s, the Ru
film had a minimum roughness of 0.8 nm, which was beneficial
to the filling of nanoTSV. Finally, we achieved a dense filling
and 100% step coverage for the nanoTSV arrays successfully.
This indicates that the process is especially promising for the
fabrication of Ru to replace Cu interconnects in advanced ICs.
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