Korean Journal of Chemical Engineering (2024) 41:1249-1254
https://doi.org/10.1007/511814-024-00035-2

ORIGINAL ARTICLE q

Check for
updates

Hydrogen Plasma-Assisted Atomic Layer Deposition of Ru with Low
Oxygen Content

Geonwoo Park’ - Keunhoi Kim' - Jeong Woo Shin?*?® . Geongu Han' - Dohyun Go* - Jihwan An'%*

Received: 7 August 2023 / Revised: 18 November 2023 / Accepted: 21 November 2023 / Published online: 21 February 2024
© The Author(s), under exclusive licence to Korean Institute of Chemical Engineers, Seoul, Korea 2024

Abstract

Ru is extensively used in electrical and energy applications because of its high electrical conductivity and catalytic activ-
ity. This study reports the H, plasma-enhanced atomic layer deposition (PEALD) of Ru thin films using a novel carbonyl
cyclohexadiene ruthenium precursor. The optimized process conditions for depositing Ru thin films by PEALD were estab-
lished based on the growth per cycle (GPC), chemical formation, crystallinity, conformality, and resistivity, according to
process parameters such as precursor pulse time, H, plasma pulse time, purge time, and deposition temperature. Pure Ru
thin films (low carbon and oxygen) were deposited with low resistivity (30.8 pQ cm) and showed high conformality (> 95%)
on the Si trenches. The oxidant-free PEALD Ru process reported in this study may have implications on the fabrication of

high-quality interfaces between Ru and easily-oxidized substrates.
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Introduction

Ru exhibits interesting electrical, electrochemical, and cata-
lytic properties. Moreover, Ru shows a low sheet resistance
(7.1 pQ cm for bulk), high work function (4.7 eV), and low
solid solubility in Cu [1]. Moreover, Ru exhibits superior
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catalytic activity, for example, in the oxygen/hydrogen evo-
lution reaction (OER/HER) and hydrocarbon/natural gas
reforming, and is less expensive than other noble metals (Pt,
Pd, and Ir) [2-5]. Therefore, Ru is extensively utilized and
studied in various fields such as semiconductors (e.g., elec-
trodes for metal-oxide—semiconductor field-effect transistors
(MOSFETs) and dynamic random-access memory (DRAM)
capacitors) [6-9], electrochemical devices (e.g., electrolysis
and hydrocarbon-fueled solid oxide fuel cells (SOFC)) [10,
11], and catalysts (e.g., carbon capture devices) [12, 13].
Atomic layer deposition (ALD) has been actively stud-
ied in various fields owing to its unique advantages. Based
on a self-limiting layer-by-layer growth mechanism, ALD
enables precise thickness control and highly uniform and
conformal thin-film growth on a complex structure [13, 14].
Most Ru ALD processes involve O-containing reactants that
can form an unwanted oxide layer on the substrate [15, 16].
For example, when Ru was directly deposited on a Ta or
TiN layer, oxide layers such as Ta,O5 or TiO, formed [17,
18]. Notably, these interfacial oxide layers exhibit poor elec-
tromigration resistance, which can reduce the capacitance
in capacitor devices [19]. To address the above-mentioned
concerns, previous studies have explored Ru ALD processes
that do not use oxidizing reactants [20]. The oxidant-free
Ru ALD process aims to enhance the overall performance
and reliability of the deposited Ru films by eliminating the
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possibility of forming unwanted oxide layers. Consequently,
investigating alternative Ru ALD processes is imperative
to overcome the limitations associated with oxidizing reac-
tants and facilitate the deposition of high-quality Ru films
for various applications.

In this study, a plasma-enhanced atomic layer deposition
(PEALD) process for Ru using a novel carbonyl cyclohexa-
diene ruthenium precursor and hydrogen plasma is dem-
onstrated. Process optimization is conducted based on the
growth per cycle (GPC), chemical formation, and crystal-
linity of the PEALD Ru film using X-ray reflectivity (XRR),
X-ray photoelectron spectroscopy (XPS), and grazing-inci-
dence X-ray diffraction (GIXRD). The optimized ALD pro-
cess conditions for the novel precursor are established in the
deposition temperature range of 150-275 °C. The PEALD
Ru film exhibited a low impurity content (C: 3.7 at% and O:
0.7 at%) with polycrystalline structure. High conformality
of the PEALD Ru film on the three-dimensional (3D) struc-
ture (aspect ratio of approximately 1:4) is demonstrated. The
PEALD Ru thin film showed a low resistivity (30.8 pQ cm),
which is within the range reported by previous studies
based on different combinations of precursors and reactants
(10-36 pQ cm) [21].

Experimental
PEALD Ru Deposition

A customized PEALD system with a remote inductively
coupled plasma (ICP) source was used. A schematic of the
customized remote inductively coupled PEALD system is
shown in Fig. S1. Carbonyl cyclohexadiene ruthenium (Air
Liquide, France) was used as the Ru precursor, H, plasma as
the reactant, and Ar gas as the carrier gas. The Ru precursor
was evaporated at 45 °C, which is a relatively low tempera-
ture for precursor evaporation compared to the existing Ru
precursor [22-24]. H, plasma was generated at 900 mTorr
with a radio-frequency (RF) power of 150 W. The PEALD
Ru deposition conditions were optimized by changing: (1)
precursor pulse time (0.5, 1, and 2 s), (2) H, plasma pulse
time (5, 10, and 20 s), and (3) purge time (15, 30, and 60 s).
In addition, the deposition temperature was adjusted to
150, 200, 250, and 275 °C to determine the ALD window.
The conformality of PEALD Ru was evaluated on a trench
structure with an aspect ratio of 1:4 (~3 pm hole diameter
and ~ 12 pm depth) according to the following sequence: 1 s
precursor pulse, 10 s exposure, purge 30 s, H, plasma pulse
10 s, and purge 30 s.
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Structural and Electrical Characterization

The surface morphologies of the PEALD Ru thin films
were analyzed by high-resolution field-emission scanning
electron microscopy (HR-FESEM; SU8010, Hitachi High
Technologies Corporation). The thicknesses and densi-
ties of the PEALD Ru thin films were analyzed by XRR
(SmartLab, Rigaku Corporation) using Cu-Ka radiation at
a wavelength of 1.54 A from 0.0° to 5.0° with a 0.0012°
step size. The crystallinity of the PEALD Ru was evalu-
ated by GIXRD in the 2theta range of 10°-90° using the
same equipment as used for the XRR measurements. Com-
positional analysis was performed by XPS (K-Alpha+,
Thermo Fisher Scientific Corporation) using an Al-Ka
source gun after etching using 1 keV Ar ions to eliminate
surface contamination. The Ru thin film was deposited on
a quartz substrate to measure its resistivity. The resistivity
of the PEALD Ru was calculated as p = R/d, where p is the
resistivity, R is the sheet resistance, and d is the PEALD
Ru film thickness (calculated by GPC: 0.12 nm/cycle). The
sheet resistance was measured using a four-point probe
(CMT-SR2000, Changmin Tech Corporation), and the
thickness was measured using XRR.

Results and Discussion

To optimize the ALD process, a comprehensive study of
process parameters including: (1) precursor pulse time
(0.5, 1, and 2 s), (2) H, plasma pulse time (5, 10, and
20s), (3) purge time after precursor/H, plasma pulse (15,
30, and 60 s), and (4) deposition temperature (150, 200,
250, and 275 °C), as shown in Fig. 1. The XRR results
of the film thicknesses as functions of the pulse time, H,
plasma pulse time, and purge time after the precursor/H,
plasma pulse are shown in Fig. S2, and the results are sum-
marized in Table S1. As shown in Fig. la—c and Table S1,
the carbonyl cyclohexadiene ruthenium precursor showed
a constant GPC independent of the precursor pulse time,
H, plasma pulse time, and purge time after the precursor/
H, plasma pulse, which is a well-known deposition charac-
teristic of ALD based on self-limiting growth behavior. In
contrast, the carbonyl cyclohexadiene ruthenium precursor
is highly sensitive to the deposition temperature. The GPC
at 250 °C is stable and shows high uniformity independent
of the deposition location, whereas the GPC at 150, 200,
and 275 °C is higher than that at 250 °C and exhibits sig-
nificant fluctuations depending on the deposition location,
as shown in Fig. 1d and Table S1. The higher GPC and
significant fluctuations in the deposition thickness may be
due to the insufficient thermal energy to complete surface
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reactions at low temperatures and the possible decomposi-
tion of surface species with additional reactant adsorption
at high temperatures [25]. Thus, it is plausible that an ALD
window exists within a limited temperature range close
to 250 °C.

Based on the results presented in Fig. 1 and Table S1, the
standard process condition for PEALD Ru was established:
1 s Ru precursor pulse, 10 s exposure time, 30 s Ar purge
time, 10 s H, plasma pulse time, and 30 s Ar purge time at
a temperature of 250 °C. The thicknesses of the PEALD Ru
films. as a function of the number of ALD cycles, was inves-
tigated, as shown in Fig. 2a and b. The PEALD Ru films
prepared by 50, 100, and 200 cycles exhibited thicknesses
of 7.3+~0.2, 13.4+~0.2, and 34.3 +~0.3 nm, respectively.
The thickness of PEALD Ru increased linearly with the
number of ALD cycles, which is a well-known self-limiting
ALD growth characteristic. XPS and XRD analyses were
conducted to investigate the film purity and crystallinity
of PEALD Ru. Figure 2c shows the high-resolution XPS
spectra of the Ru 3d and C 1 s peaks of the PEALD Ru
films based on the XPS survey scan results (Fig. S3). The
Ru 3d and C 1s peaks were deconvoluted for carbon analysis
because of the binding energy overlap between Ru 3d and
C Is. The detailed data for the fitted single components are

Deposition temperature (°C)

summarized in Table S2. PEALD Ru contained 95.54 at%
Ru, 3.71 at% C, and 0.74 at% O, indicating that the PEALD
Ru prepared using the carbonyl cyclohexadiene ruthenium
precursor has low carbon and oxygen impurities. Figure 2d
shows the GIXRD results, which indicate that the PEALD
Ru film is polycrystalline, and the (002) and (101) orien-
tations of Ru are the most prominent at 38.6° and 44.4°,
respectively (from the standard ICDD, PDF Card No.:
00-006-0663).

The conformality of PEALD Ru was evaluated by deposi-
tion on a~ 1:4 aspect ratio trench Si substrate (~3 pum hole
diameter and ~ 12 um depth) under the optimized process
conditions, as shown in Fig. 3. It is recognized that PEALD
has relatively low conformality compared with thermal ALD
because of the inhibitory effect of the surface recombination
of plasma species during the penetration of plasma species
into the hole structure [26]. However, conformal deposition
via PEALD on 3D structure can be achieved by increasing
radical flux through high plasma power, extended plasma
pulse time, closely spaced plasma source and substrate,
etc. [26, 27]. In this PEALD Ru process, we successfully
deposit conformal Ru thin film on a ~ 1:4 aspect ratio trench
substrate by increasing H, plasma pulse time. Plasma spe-
cies that were not recombined with the substrate entered
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Fig.2 a XRR results of the PEALD Ru prepared by 50, 100, and 200 cycles, b the fitted thicknesses determined by XRR, ¢ high-resolution XPS
spectra of Ru 3d peak, and d GIXRD of the PEALD Ru film with a thickness of 9.4 nm

Fig.3 HR-SEM image of the PEALD Ru thin film deposited on a 3D
trench Si substrate with a ~ 1:4 aspect ratio (~3 um hole diameter and
~12 pm depth)

@ Springer

well into the bottom of the hole structure, which is due to
the increased radical densities that allow overcoming sur-
face recombination. As a result, the Ru thin film exhibited
a thickness of 39 nm at the top surface, 38.7 nm at the mid-
surface, and 35.7 nm at the bottom surface. These results
indicated conformal deposition with a thickness difference
of approximately 5% between the top and bottom surfaces.

Figure 4 shows the morphologies of the ALD Ru films, as
well as the resistivity and thickness of the films, as a func-
tion of the number of ALD cycles. The film morphology and
electrical resistivity were characterized using HR-SEM and
a four-point probe. From the HR-SEM images, nucleation
islands (red circles in Fig. 4a and b) remained on the ALD
Ru film surface after 50 and 100 cycles, which is attrib-
uted to island growth instead of ideal layer-by-layer growth
during the initial nucleation stage [28, 29]. In contrast, a
smooth full-film of metallic Ru without nucleation islands
was observed after 200 ALD cycles, as shown in Fig. 4c.
The electrical properties of the Ru thin films were character-
ized based on the morphological analysis. Relatively high
resistivities (42.0 and 34.9 pQ cm) were measured after 50
and 100 cycles owing to the noncontinuous film morphol-
ogy. However, the Ru film prepared by 200 cycles has low
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Fig.4 HR-SEM images of (a)
the Ru thin film prepared with
different PEALD cycles: a 50,
b 100, and ¢ 200. d Resistivity
of the Ru thin film as a function
of PEALD cycles (red circles:
nucleation islands)

50 cycle

200 cycle

resistivity (30.8 pQ2 cm) and a dense morphology, as shown
in Fig. 4c and d. Electrical resistivity is known to be influ-
enced by scattering effects at the surface, interface, and
grain boundaries of thin films, and these scattering effects
can become dominant with decreasing film thickness [30].
In addition, the thin film density is considered a key factor
affecting the resistivity [31]. Consequently, the optimized Ru
thin film, deposited using carbonyl cyclohexadiene ruthe-
nium and H, plasma by PEALD, exhibits a resistivity of
30.8 pQ cm, which is comparable with the range of resistiv-
ity values reported in previous studies using different com-
binations of precursors and reactants (10-36 pQ cm) [21].

Conclusions

This study demonstrates the first successful PEALD pro-
cess using a novel precursor, carbonyl cyclohexadiene
ruthenium, and H, plasma for the deposition of high-qual-
ity Ru thin films. By optimizing the process parameters
based on the GPC, chemical formation, crystallinity, con-
formality, and resistivity, a standard ALD process condi-
tion was established. The optimized process conditions
yielded a high GPC of approximately 0.12 nm/cycle and
a low resistivity of 30.8 p€2 cm, making it applicable to
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various applications. The deposited films were pure poly-
crystalline Ru thin films with low levels of carbon and
oxygen impurities. In addition, the results of this study
showed high conformality in the 3D structures, making
the developed method a promising approach for the depo-
sition of Ru thin films with complex geometries. In sum-
mary, this study provides valuable insights into the use of
PEALD to deposit high-quality Ru thin films for various
applications.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s11814-024-00035-2.
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