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Advanced atomic layer deposition (ALD):
controlling the reaction kinetics and nucleation
of metal thin films using electric-potential-
assisted ALD†

Ji Won Han, ‡a Hyun Soo Jin,‡ab Yoon Jeong Kim,a Ji Sun Heo,a

Woo-Hee Kim, *a Ji-Hoon Ahn *a and Tae Joo Park *a

Ru thin films are grown using electric-potential-assisted ALD (EA-ALD), modifying the thin film growth

behavior with an electric potential applied to the substrate. The generated electric field increases the

(adsorption) rate of the precursor molecules onto the substrate, and thus the Ru nucleation density. As a

result, the grain size and critical thickness for a continuous film decreases. In addition, the electric

potential modifies the bonding energy of surface functional groups, which crucially affects the film

growth behavior via, for example, the crystal orientation, grain size, and physical density. A negative bias

decreases the surface Ru–O bonding strength, which enhances the surface reaction with the precursor

molecules promoting the grain growth. However, a positive bias increases the surface Ru–O bonding

strength, which impedes the grain growth resulting in small and uniform grains. Even though EA-ALD

induces a higher oxygen concentration in the film due to the smaller size of the grains, the physical

density of the film is higher. Consequently, an ultrathin (B3 nm) and continuous Ru film with a low

resistivity (B40 mO cm) and a high effective work function (B5.1 eV) is obtained.

Introduction

The scaling of three-dimensional semiconductor devices such
as fin-field effect transistors (FinFETs) and gate-all-around
FETs has been accelerated, and thus the structural complexity
of the devices has rapidly increased.1–3 Therefore, the demand
for techniques that can achieve ultrathin and uniform metal
thin film deposition has grown, and the atomic layer deposition
(ALD) technique, which provides good conformality of the film
even on complicated structures, has been widely adopted.
However, the ALD of a metal film on Si and various oxide
substrates exhibits island growth behavior due to the high
surface energy of the metal,4–6 and thus the critical thickness,
which is the minimum thickness for coalescence of the islands
to form a continuous metal film, is relatively high. Therefore,
this phenomenon needs to be overcome whilst maintaining the

resistivity and physical properties (such as the physical density
and the surface roughness) of the film.7–10 Until now, however,
the solution to this problem has focused mainly on the devel-
opment of new precursors.

Meanwhile, Ru is known for having physical, chemical, and
electrical properties that meet the requirements for next-
generation semiconductor devices.7,8 Therefore, it has been
considered as a promising electrode material for dynamic
random-access memory (DRAM), metal–oxide–semiconductor
FETs (MOSFETs), and back-end-of-line metallization.11–15

In this study, the growth of high-quality ultrathin and uniform
Ru films is demonstrated using electric-potential-assisted ALD (EA-
ALD), which is a novel ALD process assisted by an electric potential
applied on the substrate, thus generating an electric field enhan-
cing the surface adsorption of precursor molecules and surface
potential, modifying the bonding strength of the surface func-
tional groups. The increased impingement (adsorption) rate of the
precursor molecules by the electric field increases the nucleation
density during the initial stage of growth and, thus, the critical
thickness is reduced. The applied electric potential controls the
surface reaction kinetics and nucleation behavior through mod-
ification of the bonding strength of the surface groups. As a result,
the microstructure and chemical composition of the Ru film are
improved, resulting in Ru films with a low resistivity and a high
effective work function at ultrathin (B3 nm) thicknesses.

a Department of Materials Science and Chemical Engineering, Hanyang University,

Ansan 15588, Republic of Korea. E-mail: tjp@hanyang.ac.kr
b SK Hynix. Inc., 2091, Gyeongchung-daero, Icheon 17336, Republic of Korea

† Electronic supplementary information (ESI) available: ALD process recipe of
control ALD and EA-ALD; AFM line profiles and growth rates of Ru films grown
using control ALD and EA-ALD; O 1s core level spectra of Ru films grown using
control ALD and EA-ALD; TiN electrode fabrication process for electrical measure-
ments. See DOI: https://doi.org/10.1039/d2tc04755a

‡ Ji Won Han and Hyun Soo Jin equally contributed.

Received 8th November 2022,
Accepted 20th February 2023

DOI: 10.1039/d2tc04755a

rsc.li/materials-c

Journal of
Materials Chemistry C

PAPER

Pu
bl

is
he

d 
on

 2
0 

Fe
br

ua
ry

 2
02

3.
 D

ow
nl

oa
de

d 
by

 H
an

ya
ng

 U
ni

ve
rs

ity
 o

n 
4/

15
/2

02
4 

2:
29

:2
1 

A
M

. 

View Article Online
View Journal  | View Issue

https://orcid.org/0000-0001-5291-0346
https://orcid.org/0000-0003-0868-7479
https://orcid.org/0000-0001-6928-4038
https://orcid.org/0000-0003-4641-2425
http://crossmark.crossref.org/dialog/?doi=10.1039/d2tc04755a&domain=pdf&date_stamp=2023-03-07
https://doi.org/10.1039/d2tc04755a
https://rsc.li/materials-c
https://doi.org/10.1039/d2tc04755a
https://pubs.rsc.org/en/journals/journal/TC
https://pubs.rsc.org/en/journals/journal/TC?issueid=TC011011


3744 |  J. Mater. Chem. C, 2023, 11, 3743–3750 This journal is © The Royal Society of Chemistry 2023

Experimental
Film deposition

Ru thin films were grown on a thermally-grown SiO2

(B300 nm)/p-type Si (boron, 5 � 1014 cm�3) substrate using a
6-inch diameter scale traveling-wave-type ALD reactor at 265 1C.
The substrate was sonicated for 5 min in acetone, iso-propanol
(IPA), and deionized (DI) water, respectively. (Ethylbenzene)
(1-ethyl-1,4-cyclohexadiene) ruthenium(0) (EBECHRu, Hansol
Chemical) heated at 100 1C in high purity O2 (99.999%) with
a flow rate of 100 standard cubic centimeters per minute (sccm)
was used as a precursor and reactant, respectively. High purity
N2 (99.999%) was used as a purge and a carrier gas with a flow
rate of 100 sccm.

Microstructure analysis

Thickness and surface morphologies of the thin films were
analyzed using atomic force microscopy (AFM; XE-100, Park
Systems). AFM specimens for thickness measurements were
patterned via dry etching using 180 g m�3 of O3 with a flow rate
of 500 sccm at 150 1C. Image processing for nucleation density
calculations and thickness measurements was conducted using
XEI (Park Systems) software. The layer density of the film was
measured using X-ray fluorescence spectroscopy (XRF; ARL
Quant’X, ThermoFisher Scientific). The crystal structure of
the thin film was confirmed using grazing incidence X-ray
diffraction (GI-XRD; Smartlab, Rigaku) with an incident angle
of 11. The thickness and morphology of the film were observed
using 200 kV field emission transmission electron microscopy
(TEM; JEM-2100F, JEOL). TEM specimens were fabricated via
focused ion beam etching (FIB; Quanta 3D FEG, FEI). The
chemical composition and binding state of the film were
analyzed using X-ray photoelectron spectroscopy (XPS; Nexsa,
ThermoFisher Scientific) with an Al Ka X-ray source and time-
of-flight secondary mass spectroscopy (TOF-SIMS; TOF.SIMS 5,
ION-TOF).

Electrical measurements

A four-point probe method with the van der Pauw configuration
was used to measure the electrical resistivity of the Ru films.
Square SiO2/Si wafer coupons (20 mm � 20 mm) with TiN
(100 nm) electrodes at each corner deposited via dc magnetron
sputtering through a shadow mask were used as the substrate
for resistivity measurements using a Hall measurement instru-
ment (HMS-3000, Ecopia).

Metal–oxide–semiconductor (MOS) capacitors were fabri-
cated for work function measurements using a slant
SiO2(300 nm)/p-type Si substrate prepared by wet etching with
a dilute hydrogen fluoride solution (HF, 10 wt%). The thickness
of the SiO2 film ranged from 50 to 300 nm. Then, a 20 nm-thick
ALD Ru film was grown on the prepared substrate, and a TiN
top electrode (100 nm) was formed using dc magnetron sput-
tering with a shadow mask, which was also used as a hard mask
for dry etching of the Ru film at 150 1C using O3 at a
concentration of 180 g m�3. The capacitance–voltage (C–V)
characteristics of the MOS capacitors were measured using an

E4980A precision LCR meter (Keysight) at a frequency of 1
MHz.

Results and discussion

A schematic of the EA-ALD reactor equipped with a stage
connected to DC power supply is shown in Fig. 1a, which
enabled the electric potential to be applied to the stage and
substrate during the ALD process. For electrical isolation of the
stage, an insulating unit was inserted between the stage and the
chamber body. All of the chamber body parts (except for the
electrically-isolated stage, i.e., the chamber top (lid), chamber
wall, and chamber bottom) were grounded during the process.
In Fig. 1a, the equipotential surface is indicated as a purple
dome, and the electric field generated by the applied electric
potential is indicated by blue arrows. Ru films were grown
using EA-ALD with an applied voltage of +30 V and �30 V
during Ru precursor feeding (denoted as +30 V Ru and �30 V
Ru, respectively), and these were compared with control Ru
films grown using the conventional ALD process (Fig. S1, ESI†).

To study the growth behavior of the EA-ALD Ru film, using
AFM we examined the surface morphology of Ru films during
the initial growth (nucleation) stage (10 ALD cycles), as shown
in Fig. 1b. The nucleation densities of the films obtained from
AFM image analysis were 430, 450 and 500 islands per mm2 for
control Ru, �30 V Ru, and +30 V Ru, respectively. This revealed
that EA-ALD increased the nucleation density of the film.
Subsequently, the growth behavior of the Ru film after the
nucleation stage was then studied by analyzing the layer density
of Ru measured using XRF, because the thickness of the
ultrathin metal film is difficult to determine due to its island
growth nature. Fig. 1c shows the Ru layer density of the film as
a function of ALD cycle number. The deposition rate of the
films was obtained from the slopes of the curves. A transition
point where the deposition rate changed was observed in all the
Ru films. The deposition rate for the EA-ALD Ru films was
higher than that for the control Ru film over the entire range of
the ALD cycle number. Fig. 1d shows a schematic for the cause
of the change in the deposition rate (the transition point). The
effective surface area is larger during the stage of early growth
due to the island growth of the Ru film compared with the
subsequent layer-by-layer (LBL) growth stage, and this
increased surface area results in the higher deposition rate
seen during the island growth stage.16 In particular, the Ru
precursor used in this study, i.e., (ethylbenzene)(1-ethyl-1,4-
cyclohexadiene) ruthenium(0) (EBECHRu), is zero-valent and
thus advantageous in nucleation,2,17 which might promote this
behavior. The effective surface area then decreased when
coalescence began to occur, which decreased the deposition
rate. In Fig. 1e, the growth-per-cycle (GPC; DRu layer density/
DALD cycles) was calculated as a function of the number of ALD
cycles to clarify the growth transition points. The GPC values of
the EA-ALD Ru films were saturated earlier than that of the
control Ru film (at 120 ALD cycles for EA-ALD Ru and 150 cycles
for control Ru). Puurunen et al. reported that this type of
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growth behavior reflected the island growth characteristics, and
that the GPC became saturated at the transition point from
island growth to LBL growth.16,18–21 Therefore, we conclude
that the critical thickness for a continuous film is reduced
using EA-ALD, which is attributed to the increased nucleation
density in the EA-ALD film as discussed above.

The enhanced nucleation in EA-ALD is induced by the
electric field generated by the applied potential during ALD.
The precursor molecules located in the electric field during EA-
ALD are aligned to the electric field as a form of induced dipole
or polar molecule.22,23 Precursors are then forcibly drawn
toward the substrate where the electric flux density is higher
(Fig. 1a).22,23 Therefore, EA-ALD enhanced the impingement
rate to increase the nucleation density of the film. Interestingly,
the nucleation densities (Fig. 1b) and the deposition rates
(Fig. 1c) of �30 and +30 V Ru were different, even though the

electric flux gradient and the induced dipole moment should
be identical for both types of EA-ALD. In addition, the deposi-
tion rate of +30 V Ru was higher than that of �30 V Ru before
the transition point (43 and 36 ng cm�2 cycle, respectively),
after which it was reversed (22.2 and 24.2 ng cm�2 cycle,
respectively). Furthermore, in Fig. 1f the nominal Ru density
of the films [the Ru layer density measured via XRF/thickness
measured via AFM (Fig. S2, ESI†)] is higher for +30 V Ru than
for �30 V Ru, and both of these are higher than that of control
Ru. Therefore, we inferred that EA-ALD affected not only the
impingement rate but also the surface reaction kinetics, by
modifying the electrochemical potential of the surface species
during ALD.

To confirm the presence of other factors affecting the film
growth behavior in addition to the impingement rate, we
deposited heterogeneous Ru films using consecutive processes

Fig. 1 (a) Schematic of the EA-ALD reactor equipped with a stage connected to a DC power supply. (b) AFM images of the Ru films grown on an SiO2

substrate using control and EA-ALD with 10 cycles. EA-ALD increased the nucleation density of the film. (c) Ru layer density of the film as a function of the
number of ALD cycles. The slope of the curves indicates the Ru deposition rate, which was enhanced for EA-ALD. The earlier growth transition of the EA-
ALD films suggests that the critical thickness for a continuous film was reduced. (d) Schematic of the surface area of the Ru films. The effective surface
area of the film is larger during the island growth stage than during the subsequent layer-by-layer (LBL) growth stage. (e) Growth per cycle (GPC; DRu
layer density/DALD cycles) and (f) nominal physical density of the Ru films as a function of the number of ALD cycles. (g) Ru layer density of the films
grown using consecutive processes of control and EA-ALD. The deposition rate (slope of the curve) of EA-ALD Ru was higher than that of control Ru in
both cases.

Journal of Materials Chemistry C Paper

Pu
bl

is
he

d 
on

 2
0 

Fe
br

ua
ry

 2
02

3.
 D

ow
nl

oa
de

d 
by

 H
an

ya
ng

 U
ni

ve
rs

ity
 o

n 
4/

15
/2

02
4 

2:
29

:2
1 

A
M

. 
View Article Online

https://doi.org/10.1039/d2tc04755a


3746 |  J. Mater. Chem. C, 2023, 11, 3743–3750 This journal is © The Royal Society of Chemistry 2023

of control and EA-ALD. Each control and EA-ALD Ru (+30 V Ru)
film was grown to its critical thickness, upon which EA-ALD
and control Ru films were then grown, respectively. This
excludes the effect from the growth characteristics during the
island growth stage, which is crucially affected by the impinge-
ment rate. In Fig. 1g, the Ru layer density of the control (black
square symbols) and the EA-ALD (red triangle symbols) films
was measured as a function of the ALD cycle number. In both
cases, the slope of the curves (deposition rate) for EA-ALD Ru is
higher than that of the control Ru film. This suggests that the
growth behavior of EA-ALD does not result simply from the
increased nucleation density via the impingement rate.

The mechanism of EA-ALD can be elucidated as described
below. Fig. 2a shows schematics of the surface reactions during
the ALD of a Ru film. In Ru ALD using oxygen as a reactant,
during the precursor feeding step, the ligands of the precursor
are removed via a combustion reaction with the oxygen in the
surface functional groups,24,25 and subsequently during the
reactant feeding step the remaining ligands of the chemisorbed
precursor react with the supplied oxygen. Here, we focus on the
surface reaction that occurs during the precursor feeding step,
as shown in Fig. 2b, because the electric potential for EA-ALD
was applied at the precursor feeding step. Surface Ru–O bonds
(indicated by the blue box) formed during the oxygen feeding
step are replaced by Ru–Ru bonds due to the surface reaction
with the incoming precursors (ligand combustion, indicated by
the red box),25,26 which must be accompanied by cleavage of the
surface Ru–O bond. Therefore, the surface reaction rate during

precursor feeding is crucially affected by the bonding strength
of the Ru–O bond.26 Shaik et al. reported that the bonding
strength and reaction kinetics of a molecule are affected by an
external electric potential or field oriented along with the
bonding axis due to induced polarization of the molecular
orbital (MO).27–30 The Ru–O bond has an ionic character in
which electrons are transferred from Ru to O.31,32 In addition,
the MO of the Ru–O bond is known to have partially filled p*
orbitals (anti-bonding orbitals), as shown in Fig. 2c,33,34 which
weakens the bonding strength as more electrons fill up the
orbitals.35,36 Therefore, the applied positive electric potential
deviates the MO toward the Ru, which decreases the electron
density in the p* orbital, resulting in an increased Ru–O bond
strength. By contrast, a negative electric potential induces an
increase in electron density in the p* orbital by deviating the
MO toward the O, followed by a decrease in the Ru–O bond
strength.

The modified bonding strength of the surface Ru–O group
can crucially affect the chemical reaction rate,27–30 surface
energy,37–49 and surface diffusion,50–55 resulting in changes in
the film growth behavior. Fig. 2d shows the growth behavior of
the control and EA-ALD Ru films during the initial growth
(island growth) stage. As discussed above, EA-ALD enables
modulation of the bonding energy as well as an enhancement
of the impingement rate. Considering the bonding energy
modulation, the grain size of �30 V Ru is larger than that of
control Ru, because the weakened bonding energy of Ru–O by the
applied negative potential enhances the chemical adsorption of

Fig. 2 (a) Schematics of surface reactions in ALD of the Ru film. (b) Surface reaction between a precursor molecule and a surface Ru–O group during the
precursor feeding step. The surface reaction rate is affected by the bonding strength of the Ru–O bond. (c) Molecular orbital of the Ru–O bond. The
partially filled p* orbital enabled control of the bonding strength by EA-ALD. (d) Schematics of the growth behavior of Ru films grown using control and
EA-ALD during the initial growth stage. EA-ALD facilitates nucleation of the film by increasing the impingement rate, and it controls the grain size of the
film by modifying the bonding strength of the surface Ru–O bond. (e) GI-XRD patterns of 30 nm-thick Ru films grown using control and EA-ALD.
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incoming precursor molecules on the Ru nuclei. Contrarily, how-
ever, the grain size of +30 V Ru is smaller than that of control Ru,
because the increased bonding energy of Ru–O prevents the
chemical adsorption of incoming precursor molecules on the Ru
nuclei, which instead increases the number of Ru nuclei on the
SiO2 substrate through the mobile adsorbed species that did not
chemisorb on the Ru nuclei but moved easily onto the SiO2

surface. Therefore, the grain size of Ru films decreased in the
order of �30 V, control, +30 V. In addition to this, considering the
enhanced impingement rate of EA-ALD at the same time, both
the growth of existing grains and the nucleation of islands on the
SiO2 substrate were facilitated for �30 V Ru. However, for +30 V
Ru, the growth of existing grains was suppressed due to the
stronger Ru–O bonds, and hence the mobile adsorbed species
further contributed to Ru nucleation on the SiO2 surface. There-
fore, resultant nucleation density in +30 V Ru is higher than that of
�30 V Ru. Consequently, +30 V Ru has a more uniform and finer
microstructure owing to the suppressed growth of existing grains
compared with control Ru, but �30 V Ru has a less uniform
microstructure because of the facilitated growth of existing grains
compared with control Ru. Therefore, the increased surface area of
+30 V Ru due to the larger number of nuclei (Fig. 1b) results in a
higher deposition rate during the island growth stage compared
with �30 V Ru, as shown in Fig. 1c. In following the steady state
growth (LBL growth) stage, which is hardly affected by the nuclea-
tion behavior and grain size, the enhanced impingement rate of
EA-ALD increased the deposition rate compared with control Ru,
and modulation of the bonding energy via the polarity of the
applied electric potential resulted in a higher deposition rate for
�30 V Ru compared with +30 V Ru, as shown in Fig. 1c.

Fig. 2e shows the GI-XRD patterns of 30 nm-thick Ru films
grown using the control and EA-ALD. All of the Ru films have a
hexagonal close packed (HCP) structure. The grain sizes of the
Ru films were calculated using the Scherrer equation,56 and
were 13 nm, 12.5 nm and 12 nm for control Ru, �30 V Ru and
+30 V Ru, respectively. This is consistent with the discussion
above on the increased nucleation density and the change in
the surface chemical reaction rate for EA-ALD.27–30 Meanwhile,
the crystal orientation of the film was also affected by EA-ALD.
The relative intensity of the (002) plane increased in �30 V Ru
compared with control Ru, whereas it decreased in +30 V Ru.
The relative intensity of the (100) plane perpendicular to the
(002) plane changed in a manner opposite to that of the (002)
plane. The (002) plane is the close packed plane in the HCP
structure with the lowest surface energy among the crystal
planes of the HCP structure.57,58 Therefore, the (002) plane in
the direction of growth is preferred when high energy is
provided (e.g., a high process temperature or plasma
power).58–60 The lower surface energy of +30 V Ru due to
stronger Ru–O bonds results in a less preferred orientation of
the (002) plane. By contrast, the surface energy increased in
�30 V Ru due to the weaker Ru–O bonds, enhancing the
preferred orientation of the (002) plane in the growth direction.

The microstructure of the Ru films grown on the SiO2

substrate was observed using TEM and AFM. Fig. 3a shows
cross-sectional TEM images of the Ru films grown using the

control and EA-ALD with 100 and 200 cycles. The surface
roughness and the film continuity were improved in the EA-
ALD films compared with the control film. The Ru films with
200 cycles clearly show differences in the grain sizes of the films
discussed above. The control Ru and �30 V Ru exhibit a rough
surface and an unevenly distributed size of grains compared
with +30 V Ru. In addition, the grain size of �30 V Ru is smaller
than that of control Ru, on average, but some of the grains are
larger than that of control Ru due to the facilitated growth of Ru
islands during the initial stage of growth, as mentioned above.
Therefore, the surface roughness of �30 V Ru is higher than
that of control Ru. The +30 V Ru films exhibit a smooth surface
and an even grain size distribution due to the improved
nucleation density and suppressed growth of Ru islands during
the initial stage of growth. In Fig. 3b, the surface morphology of
30 nm-thick Ru films was confirmed using AFM. The RMS
roughness values of the films were 0.9 nm, 1.7 nm and 0.8 nm
for control Ru, �30 V Ru, and +30 V Ru, respectively. +30 V Ru
and �30 V Ru exhibited a lower and higher roughness than
control Ru, respectively, which corresponds to the previous
TEM results (Fig. 3a). Grain size distributions on the surface
of the Ru films were analyzed based on the AFM images as
shown in the overlapping histograms and box charts in Fig. 3b.
The average particle sizes, indicated as the square dot in each
box chart, were 36 nm, 33 nm and 31 nm for control Ru, �30 V
Ru and +30 V Ru, respectively. The upper and lower lines of the
box represent the upper and lower quartiles of the data,
respectively, and the line between the upper and lower lines
represents the median. The range of the box for �30 V Ru is
larger than that for control Ru, and the median line is lower for
�30 V Ru, which suggests that the grain size of �30 V Ru is

Fig. 3 (a) Cross-sectional TEM images of the Ru films grown using
control and EA-ALD with 100 and 200 cycles. (b) AFM images of 30 nm-
thick Ru films grown using control and EA-ALD with particle size distribu-
tion analysis. The grain size and distribution in the Ru films was crucially
modified by EA-ALD.
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usually smaller than that of control Ru, although there are also
irregularly larger grains. As a result, �30 V Ru is confirmed to
have a more dispersed distribution of grain sizes than control
Ru. By contrast, for +30 V Ru, the narrow range of the box with a
smaller median than for the other films indicates a more
uniform grain size distribution. Consequently, the microstruc-
ture of the films observed via TEM (Fig. 3a) and grain size
distribution analyzed using AFM (Fig. 3b) correspond to the
proposed film growth model in Fig. 2.

Fig. 4a–c show the TOF-SIMS depth profiles of Ru, O and C,
respectively, in 40 nm-thick Ru films grown using control and
EA-ALD, and reveal the differences in the chemical structure
and residual impurity. Si signals were also included in Fig. 4a–c
to indicate the substrate. The differences between the Ru signal
profiles in all the films were negligible, while the O and C
impurity profiles showed distinct differences for each film. The
oxygen impurity concentration was considerably higher for the
EA-ALD films compared with control Ru because the decreased
grain size increased the area of grain boundaries where the
adsorption of oxygen used as a reactant was enhanced. Grain
boundaries are preferred sites for the chemical reaction
because they are thermodynamically less stable than the
grain.56 The carbon impurity concentration, however, was
suppressed in EA-ALD, since these are generated from hydro-
carbon ligands of the Ru precursor molecule.24,25,61,62 This is
attributed to the ‘cooperative effect’, which is described below.
Shirazi et al. and Maimaiti et al. reported that the activation
energy of a surface reaction can be reduced when a large
number of surface functional groups are present on the
surface.63,64 The lowered activation energy increases the partial

pressure of the reaction product,26 which means the more
effective removal of ligands during the ALD reaction. EA-ALD
increased the adsorption of precursor molecules and thus the
number of surface groups, which enhanced the ‘cooperative
effect’, resulting in a lower carbon impurity concentration in
the EA-ALD films compared with control Ru. In addition, the
lower carbon concentration of +30 V Ru than �30 V Ru is
attributed to an enhanced ‘cooperative effect’ via the higher
adsorption rate of precursor molecules in +30 V Ru during the
island growth stage, as discussed above (Fig. 1c).

Fig. 4d shows the Ru 3d core level spectra of 40 nm-thick Ru
films grown using the control and EA-ALD. The surface con-
tamination and native oxide of Ru films was removed by Ar
sputtering before XPS analysis. The Ru 3d5/2 peak is located at
the binding energy of 280 eV for control Ru, and is shifted to a
higher binding energy for the EA-ALD films. This suggests that
the increased oxygen impurities (Fig. 4b) increased Ru–O
bonding in the films.65–67 In addition, the intensity of the O
1s core level spectra directly showed the increased amount of
Ru–O bonding in the EA-ALD films (Fig. S3, ESI†), which was
obtained with a delicate intensity calibration for quantitative
comparison.

The resistivity and the effective work function (EWF) of Ru
films grown using control and EA-ALD were measured. The
detailed fabrication process of the devices for electrical
measurement is provided in Fig. S4, ESI.† Fig. 4e shows the
resistivity of the Ru films as a function of the film thickness.
The resistivity of 3 nm-thick control Ru was out of the measur-
able range due to its poor continuity as a result of the low
nucleation density. By contrast, the 3 nm-thick �30 V Ru and
+30 V Ru exhibited low resistivities of 140 and 40 mO cm,
respectively, due to the reduced critical thickness from the
improved nucleation density. The resistivity of +30 V Ru was
lower than that of �30 V Ru due to the better film continuity
and smoother surface morphology with more uniform grains.
The resistivities of all the films decreased and saturated at
B20 mO cm with increasing film thickness. Fig. 4f shows the
EWF of the Ru films as a function of the capacitance equivalent
thickness (CET).12,68–70 The EWF and CET were calculated from
the C–V curves of the MOS capacitors. The EWF values were
4.55 eV, 5.03 eV, and 5.11 eV for control Ru,�30 V Ru and +30 V
Ru, respectively. Since RuO2 has a higher work function (5.2 eV)
than pure Ru (4.8 eV),7,8 oxygen impurities in the films
increased the EWF of the films.71,72 It should be noted that
the resistivities of the EA-ALD films were lower than that of
control Ru despite the higher oxygen impurity concentration.

Conclusions

Ru thin films were grown using electric-potential-assisted ALD
(EA-ALD). An electric potential is applied to the substrate
during the ALD process, which modifies the bonding strength
of the surface functional groups and generates an electric field
that enhances the impingement rate of precursor molecules.
Enhanced the impingement rate increased the nucleation

Fig. 4 TOF-SIMS depth profile of (a) Ru, (b) O, and (c) C in 40 nm-thick Ru
films grown using control and EA-ALD. The oxygen impurity concentration
increased but the carbon impurities decreased in the EA-ALD Ru films. (d)
Ru 3d core level spectra of 40 nm-thick Ru films. (e) Resistivities of the Ru
films grown using control and EA-ALD as a function of the film thickness.
The resistivity of ultrathin (B3 nm) Ru films became measurable, with
values as low as 140 and 40 mO cm for �30 V Ru and +30 V Ru,
respectively. (f) Effective work function (EWF) of 20 nm-thick Ru films
grown on an SiO2 substrate using control and EA-ALD, where the EWF
values are 4.55 eV, 5.03 eV and 5.11 eV for control Ru, �30 V Ru and +30 V
Ru, respectively.

Paper Journal of Materials Chemistry C

Pu
bl

is
he

d 
on

 2
0 

Fe
br

ua
ry

 2
02

3.
 D

ow
nl

oa
de

d 
by

 H
an

ya
ng

 U
ni

ve
rs

ity
 o

n 
4/

15
/2

02
4 

2:
29

:2
1 

A
M

. 
View Article Online

https://doi.org/10.1039/d2tc04755a


This journal is © The Royal Society of Chemistry 2023 J. Mater. Chem. C, 2023, 11, 3743–3750 |  3749

density, leading to a reduced critical thickness for the for-
mation of a continuous film and a higher Ru deposition rate.
The bonding strength of the surface Ru–O groups decreased
with a negative potential and increased with a positive
potential, resulting from deviation of the electron density,
which affected the adsorption of precursor molecules on the
Ru nuclei, determining the grain size and crystal orientation of
the Ru films. As a result, EA-ALD with a positive potential
resulted in a smoother surface and a more even particle size
distribution compared with the control Ru film. The oxygen
impurity concentration was increased using EA-ALD because
the area of the grain boundaries where oxygen adsorbs easily
was increased with the smaller grain size, which increased the
effective work function of the Ru films. The carbon impurity
concentration decreased because the enhanced surface reac-
tion from the cooperative effect diminished the unreacted
residual ligands. Resistivities of 140 and 40 mO cm were
obtained for ultrathin (B3 nm) EA-ALD Ru films with negative
and positive potentials, respectively, while that of the control
Ru film was unmeasurable due to its discontinuity.
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70 M. T̆apajna, K. Hušeková, J. P. Espinos, L. Harmatha and
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