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Reliable high work-function molybdenum dioxide
synthesis via template-effect-utilizing atomic layer
deposition for next-generation electrode
applications†

Ye Won Kim,a Ae Jin Lee,a Dong Hee Han, a Dae Cheol Lee,a Ji Hyeon Hwang,a

Youngjin Kim,a Songyi Moon,b Taewon Youn,b Minyung Leeb and Woojin Jeon *a

MoO2, a conductive metal oxide, has attracted considerable attention as an electrode material in metal–

insulator–metal (MIM) capacitors owing to its crystallinity and high work function. However, because MoO2 is

a metastable phase, it is difficult to deposit it using a chemical reaction-based thin film deposition method,

which limits its practical device application. In this work, we developed an atomic layer deposition (ALD) pro-

cess for MoO2 thin films exhibiting high crystallinity and a very high work function of 5.5 eV. A mechanism in

which the metastable MoO2 phase is stabilized and crystallized was revealed based on the ‘‘template effect’’ by

the interfacial layer formed on a substrate surface during the deposition process. Furthermore, the template

effect governed not only the crystallinity but also the stoichiometry of the deposited thin film. By employing

MoO2, a rutile TiO2 thin film exhibiting a dielectric constant as high as 150 was obtained, which is the highest

value ever reported. The high work function was also attributed to leakage current suppression in the MIM

capacitor. Therefore, the proposed MoO2 ALD is applicable to developing next-generation dynamic-random-

access-memory devices.

Introduction

Dynamic random-access memory (DRAM) is one of the most
important semiconductor memories for application to various
electronic devices. As semiconductor memories, capacitors are
the most important components governing all DRAM operation
characteristics. As DRAM capacitors, metal–insulator–metal
(MIM) capacitors must exhibit sufficiently high capacitance
densities and sufficiently low leakage currents to ensure robust
device operation. To date, most research conducted to achieve
these objectives has been focused on developing high-
dielectric-constant (high-k) materials.1,2 However, because
these two requirements are trade-offs, no high-k material has
been developed yet that can satisfy the requirements for
application to next-generation DRAM devices. In contrast,
although the electrode properties also strongly influence those
of the MIM capacitor,1,3–5 research on electrode deposition to
develop MIM capacitor materials has been limited.

To enhance the electrical properties of MIM capacitors, the
electrode must exhibit both a high work function and insula-
tor–coherent crystallinity. Because most current conduction
mechanisms are related to the barrier height between the
insulator and electrode,6 a higher work function is favorable
for increasing the barrier height.7 Furthermore, the crystal
structural coherency between the insulator and electrode
strongly influences the insulator crystallinity and, in turn,
governs the insulator dielectric constant.8–11 For decades, TiN
has been employed as a DRAM capacitor electrode because the
crystallinity of TiN is coherent with ZrO2

4,12 and it has a facile
deposition process.13,14 However, TiN exhibits a relatively
low work function (4.2 eV)15 and inadequate crystallinity
when combined with higher-k dielectrics such as TiO2 and
SrTiO3,16,17 limiting its application to next-generation DRAM
devices.

MoO2 has been proposed as a candidate suitable for appli-
cation to various electrode materials. For instance, a relatively
high dielectric constant of 70 was achieved by combining MoO2

with rutile TiO2 because their crystal structures were
coherent.18 Moreover, MoO2 exhibits high thermal stability,
which makes MoO2 a promising electrode material for applica-
tion to MIM capacitors. However, because MoO2 is a metastable
phase, an appropriate deposition process for adapting practical
electronic devices has not been proposed yet. The previous
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results about MoO2 formation employed pulsed laser deposition18

or additional reduction processes,19 which were not applicable to
the actual electronic device manufacturing process. Most of the
deposition processes, such as chemical vapor deposition and
atomic layer deposition (ALD), based on the oxidation reaction
only achieved MoO3 thin film, which is an insulator.20,21 In this
regard, MoO2 thin films cannot be prepared using ALD methods
even though ALD is the key to applying MoO2 thin films to DRAM
capacitors, resulting in the utilization of MoO2 for actual electronic
devices being limited.

Therefore, we developed an ALD method to deposit metastable
MoO2 thin films onto substrates and investigated the electrical
properties of the deposited films for application to DRAM capacitor
electrodes. Thin films grown using ALD exhibit substrate–coherent
crystal structures, which is called the ‘‘template effect.’’ To develop
the ALD method, the template effect was adopted using TiN
substrates to grow MoO2 thin films exhibiting designated crystal
structures and to investigate the template-effect-induced MoO2

formation mechanism and the MoO2 microstructure. Furthermore,
MoO2 thin-film properties were evaluated to apply MoO2 to MIM
capacitor electrodes. Owing to both the MoO2 thin-film crystallinity
and high work function, the MIM capacitor electrical properties
were enhanced.

Experimental procedure
Thin film deposition process conditions

MoOx (2 r x r 3) thin film was deposited by means of ALD
(iOV dX1, iSAC research) using molybdenum hexacarbonyl
(Mo(CO)6) as the Mo precursor. The deposition process of MoOx

was performed at 170 1C. The substrate consisted of 50 nm-
thick TiN (deposited by chemical vapor deposition process) as a
bottom electrode on a thermally oxidized (100) Si wafer. Ozone
(O3, 200 g m�3) and H2O were employed as reactants. The
deposited MoOx thin film was annealed at 600 1C for 30 s in N2

by a rapid thermal annealing (RTA) system (MIRA-5050,
ULVAC). The TiO2 ALD deposition process was performed using
pentamethyl cyclopentadienyl Ti trimethoxide (Ti(Me5Cp)
(OMe)3, Star-Ti) and O3 as the Ti precursor and reactant,
respectively. In addition, Al2O3 for the Al-doped TiO2 (ATO)
thin film was deposited with trimethylaluminium (Al(CH3)3,
TMA) and O3 as the Al precursor and reactant, respectively, with
a fixed sub-cycle ratio of 1 : 90. The deposition temperature for
TiO2 and Al2O3 was set to 320 1C.

MIM capacitor structure fabrication process

To measure the MIM capacitor electrical properties, 20 nm-thick
RuO2 and 50 nm-thick Pt films were sequentially deposited
using radio frequency (rf)- and direct current (dc)-sputtering
(KVS-2000L, Korea Vacuum Tech), respectively, through a metal
shadow mask with a +300 mm hole to serve as the top electrode,
and the electrode was subsequently annealed at 400 1C for 30 s in
an N2/O2 mixture by the RTA system. A schematic of the fabricated
MIM structure is depicted in Fig. S1 in the ESI.†

Structure, chemical state, and electrical property analyses

The film thickness was determined by calculating the layer
density, which was measured using X-ray fluorescence spectro-
scopy (ARL Quant’X, Thermo Scientifict) and was correlated with
spectroscopic ellipsometry (ESM-300, J. A. Woollam) measure-
ments and transmission electron microscopy (TEM, JEM-2100F)
images. The chemical state of the dielectric was investigated via
X-ray photoelectron spectroscopy (XPS, K-Alpha+, ThermoFisher
Scientifict). Glancing angle incident X-ray diffraction (GA-XRD,
X’pert Pro, PANalytical) was used at 0.51 incident angle to examine
the film crystal structures. The MIM capacitor electrical properties
were evaluated by measuring the capacitance versus voltage and
current versus voltage characteristics using Agilent 4284 and
4155C meters, respectively. The TiO2/MoO2 crystal structural
coherency was analysed via high-resolution transmission electron
microscopy (HR-TEM). Ultraviolet photoelectron spectroscopy was
performed to measure the MoO2 work function.

Results and discussion
Development of ALD for depositing MoO2 thin films

MoO2 ALD was investigated using Mo(CO)6 as a Mo precursor at
170 1C to avoid the thermal decomposition of Mo(CO)6, which
occurred at 180 1C (Fig. S2, ESI†). TiN and SiO2 substrates were
used, which represented the TiN bottom electrode and oxide
mold during the actual DRAM fabrication process, to demon-
strate the applicability of the MoOx thin film for the bottom
electrode of the DRAM capacitor. H2O and O3 were employed as
the O sources (reactants) to determine how the chemistry of the
deposited film affected the oxidation potential difference.
When either H2O or O3 was employed as the oxygen source,
the precursor feeding time exhibited typical saturation behav-
ior (Fig. S3a, ESI†). However, the deposition behavior was
different depending on the reactant. For the same substrate,
the precursor feeding saturation time was longer when O3 was
utilized rather than H2O because the reactant governed the
surface termination, thereby affecting the precursor adsorption
chemistry.22,23 Moreover, the cycle-dependent film thickness
curves (Fig. S3c, ESI†) exhibited different numbers of incuba-
tion cycles. When O3 was used, approximately 100 incubation
cycles were required, in contrast to almost no incubation cycles
when H2O was used. These results suggest that the Mo pre-
cursor was chemisorbed slower on the O3-terminated surface
than on the H2O-terminated one. Indeed, the film growth per
cycle (GPC) was almost identical at 0.025 nm per cycle for the
depositions using H2O on SiO2, H2O on TiN, and O3 on SiO2

substrates, indicating that the reactant only affected the Mo
precursor chemisorption on the substrate surface, not the
chemical reaction with the Mo precursor. However, the film
GPC increased to 0.035 nm per cycle when O3 was used on the
TiN substrate. Since the saturation feeding times and number
of incubation cycles were identical when O3 was used on both
the TiN and SiO2 substrates, the film GPC difference originated
from the chemical reaction between the Mo precursor and O3

on the TiN substrate, not from the surface termination.
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The crystal structures of the thin films deposited using H2O
and O3 were also considerably different depending on the
process conditions, as confirmed using XRD (Fig. 1a). For the
films deposited on the SiO2 substrate, the XRD pattern exhib-
ited diffraction peaks corresponding to less-oxidized MoO2

when H2O was employed as the reactant. Meanwhile, the film
deposited using O3 on the SiO2 substrate exhibited the MoO3

crystal structure. This different oxidation state is attributed to
the different H2O and O3 oxidation potentials. However, the
oxidation state of the films deposited on the TiN substrate was
not determined by the reactant oxidation potential. The XRD
pattern for the film deposited using H2O on the TiN substrate
did not exhibit any diffraction peaks originating from MoO2 or
MoO3. Moreover, the XRD pattern for the film deposited using
O3 on the TiN substrate exhibited very strong diffraction peaks
at 26.1 and 53.81, corresponding to the (-111) and (-222) planes
of the monoclinic MoO2 crystal structure, respectively.
Although the Mo oxidation state is 6+ in Mo(CO)6 and O3

exhibits stronger oxidation potential than H2O, Mo4+ was
obtained when O3 was used as the oxygen source on the TiN
substrate. Therefore, XPS was used to reveal the Mo oxidation
states in the thin films. Mo 3d peaks are composed of Mo 3d5/2

peaks centered at the 229.4, 231.3, and 233.1 eV binding
energies (BEs), which correspond to Mo4+, Mo5+, and Mo6+,
respectively.24,25 The deconvoluted Mo 3d XPS spectra
revealed that all the deposited molybdenum oxide (MoOx,
where 2 r x r 3) thin films exhibited Mo in different oxidation
states (Mo4+, Mo5+, and Mo6+) in various compositional ratios
(Fig. 1b and Fig. S4, ESI†). For MoOx thin films deposited on
SiO2 substrates, the composition of Mo in different oxidation
states followed the same trend observed in the corresponding
XRD spectra. Namely, the film deposited using O3 exhibited a
higher Mo6+ content (87.0 at%) than the counterpart film
deposited using H2O (0.9 at%). For MoOx thin films deposited
on TiN substrates, however, the Mo4+, Mo5+ and Mo6+ contents
were exactly opposite to the oxidation potential. The Mo6+

Fig. 1 (a) XRD patterns and (b) composition ratio of oxidation states of MoOx thin films deposited under various conditions. (c) HR-TEM image of
TiN/MoOx deposited using O3 and FFT patterns of (d) MoO2 (indicated by red box in (c)) and (e) TiN surface (indicated by green box in (c)). (-111), (111), and
(-222) in (d) indicate the planes of monoclinic phase MoO2. r-TiO2 and a-TiO2 in (e) indicate rutile- and anatase-phased TiO2, respectively. (f) HR-TEM
image of TiN/MoOx deposited using H2O. The dashed line region indicates an amorphous area in the film. FFT patterns of (g) MoO2 (indicated by red box
in (f)) and (h) the TiN surface (indicated by the green box in (f)).
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contents were increased from 8.21 to 17.2% even when the
oxidation potential of oxidant was decreased from O3 to H2O,
respectively. Thus, when H2O was used as the reactant, Mo5+

was dominant in the film (67.1 at%). Moreover, the film
deposited using O3 on the TiN substrate exhibited the highest
Mo4+ content (61.0 at%). In other words, among the examined
conditions, ALD using O3 on the TiN substrate was the most
facile for forming metastable MoO2, which contains the most
reduced oxidation state of Mo among the different states, even
though the process employed a higher-oxidation-potential reac-
tant on a substrate vulnerable to oxidation.

Furthermore, when MoOx films were deposited using H2O
on the TiN substrate, the film Mo4+ content was not negligible
(15.7 at%), indicating that although these process conditions
also induced MoO2 formation, the MoO2 did not crystallize in
these MoOx thin films. Moreover, although the film deposited
using O3 on the TiN substrate contained 8.21 at% MoO3, the
MoO3 did not crystallize. Because only the MoOx thin film
deposited using O3 on the TiN substrate exhibited both crystal-
lized MoO2 and amorphous MoO3, the TiN surface may have
predominantly contributed to the film crystal structural for-
mation. To clarify the origin of the MoO2 formation and
crystallization, TiN/MoOx thin-film surfaces were investigated
using TEM. Fig. 1c–e show the TEM images of the MoOx thin
film deposited using O3 on the TiN substrate. As determined
from the lattice fringes, the MoOx layer exhibited a highly
crystallized structure, as corroborated by the corresponding
XRD spectra. Moreover, all the diffraction points in the fast-
Fourier-transform (FFT) pattern (Fig. 1d) corresponded only to
the MoO2(-111), (111), and (-222) planes, and the FFT pattern
did not exhibit any diffraction points corresponding to MoO3

planes. This result indicated that the MoOx film deposited
using O3 on the TiN substrate exhibited remarkably high-
crystallinity monoclinic MoO2, as confirmed by the corres-
ponding XRD patterns. To clarify the origin of the exceptional
MoOx crystallization to MoO2, the TiN–MoO2 interface was
observed (Fig. 1e). As shown in Fig. 1c, the TiN layer also
exhibited high crystallinity and a cubic structure. However,
the interface between the TiN and MoO2 layers clearly exhibited
a coherence-free fringe pattern, indicating that MoO2 did not
epitaxially grow from the TiN substrate. Because the TiN crystal
structure exhibited a lattice constant quite different from
MoO2, TiN did not contribute to MoO2 crystallization. However,
the fact that the MoOx deposited with only O3 reactant on the
TiN substrate exhibited strong crystallization to MoO2 indicates
the presence of a driving force that induced the formation of
MoO2 and crystallization. Meanwhile, the FFT pattern exhibited
points originating from not only TiN but also rutile TiO2

(Fig. 1e), indicating that O3 probably induced rutile TiO2 crystal
formation at the TiN–MoOx interface during MoOx deposition.
Rutile TiO2 exhibits a lattice constant quite like that of MoO2

and a very small lattice mismatch of less than 5%.18 Fig. 1f–h
shows a micro-structure of the TiN and MoOx interface depos-
ited using H2O. In contrast to the MoOx deposited using O3, a
slight fringe in MoOx was observed in a limited region and an
amorphous region was clearly observed (dashed line region in

Fig. 1f), indicating a low crystallinity of MoOx thin film using
H2O. This can be confirmed from the absence of a diffraction
peak in the XRD pattern.

Crystallized MoO2 formation mechanism by the template effect

The transition metal oxides have various types of crystal struc-
tures. In most cases, the phase stability is influenced by the
Gibbs free energy difference for each phase. For example, TiO2

has a rutile phase at high temperature or in the bulk state
because the rutile phase is more stable than the anatase phase,
according to the Gibbs free energy. However, in the case of the
film getting thinner, the ratio of surface is unavoidably large,
and the phase is determined by the size of individual grains.
Indeed, the results of TiO2 thin film deposition indicated the
formation of anatase-phase TiO2 even though the Gibbs free
energy is higher for the anatase phase than that of the rutile
phase. This factor, known as the surface energy effect, governs
the stabilized phase in the thin film, and can be described by
basic thermodynamic considerations. In the case of the film
having two different crystal structures, one phase exhibits lower
surface energy and the other exhibits lower bulk energy; con-
sequently the bulk-to-surface content ratio will govern the thin
film crystal structure.26,27 With increasing film thickness, the
bulk volume increases, thereby crystallizing the structure exhib-
iting the crystal structure of lower bulk energy. At the early
stage of thin film deposition, the surface ratio is dominant;
hence, the crystal structure of the deposited thin film tends to
have a crystal structure coherent with that of the substrate to
minimize the surface energy, which is called the ‘‘template
effect’’. To confirm that the crystallized MoO2 thin film had
epitaxially grown via the ‘‘template effect’’, the film-thickness-
dependent crystallinity of the MoOx thin films deposited using
O3 on the TiN substrate was investigated using both XRD and
XPS (Fig. 2 and Fig. S5, ESI†). In Fig. 2a, the XRD patterns of the
thin films having thicknesses up to 7.5 nm only exhibited peaks
originating from MoO2. In contrast, a peak at 33.41, corres-
ponding to the MoO3(111) plane, was observed in the XRD
pattern of the 10 nm-thick thin film. The film thickness also
affected the oxidation state of the deposited MoOx thin film.
Fig. 2b shows the film-thickness-dependent Mo4+, Mo5+, and
Mo6+ contents of the thin films, as obtained from the deconvo-
luted Mo 3d XPS spectra of the MoOx thin films deposited at
various thicknesses using O3 on the TiN substrate (Fig. 2b and
Fig. S5, ESI†). In the 1 nm-thick MoOx thin film, the Mo6+

content was markedly decreased to 9.9 at%. Simultaneously,
the contents of Mo4+ and Mo5+ were significantly increased with
a decrease in the thickness of the thin film from 4.5 to 3.5 nm.
In the 4.5 to 10.0 nm-thick films, the Mo4+, Mo5+, and Mo6+

contents negligibly changed.
This change in oxidation state can be attributed to the

difference between the oxide formation energies of TiO2 and
MoO3. The oxide formation energy of TiO2 is relatively low,
inducing the oxygen scavenging effect, which corresponds to the
oxidation of the TiN surface to TiO2 or TiOxN1–x using the oxygen
from the film deposited on the surface.4 During the deposition of
the MoOx thin film, the MoOx is reduced on the TiN surface owing
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to the oxygen scavenging effect of TiN. The XPS results indicate
that the oxygen scavenging effect changed the thickness by
approximately 3.5 nm, which is consistent with the oxygen
scavenging effect on HfO2 by La.28 Moreover, this effect can
explain the formation of TiO2 on the TiN surface during the
deposition of MoOx using H2O (Fig. 1h). The TiO2 at the surface of
TiN in MoOx deposited using H2O did not form due to the
oxidation by H2O, but by the oxygen scavenging effect of TiN
owing to the oxygen present on the deposited MoOx film. How-
ever, it should be noted that the formation of rutile TiO2 on the
surface of TiN was attributed to the use of O3 reactant. The XRD
result of the MoOx deposited using H2O on TiN indicates that the
formation of rutile TiO2 due to the oxygen scavenging effect was
insufficient to induce the crystallization of MoO2. This thickness
dependency on the oxidation state indicates that the template
effect had affected not only the crystallinity but also the oxidation
state of the deposited film.

Moreover, the difference in crystallization behaviors of
MoO2 and MoO3 in the MoOx thin film should be considered.
Although the MoO3 composition was almost identical in the
thin films with thicknesses above 4.5 nm, the formation of
crystalline MoO3 was observed only at the thickness of 10 nm.
Notably, in the thermodynamic aspect, the crystallization in the
thin film was observed above a fixed thickness where a suffi-
ciently large nucleus can be formed. However, the crystal-
lization of MoO2 was opposite to this thermodynamic aspect.
The thinner MoO2 film could be crystallized easily, and an
extremely strong diffraction pattern of MoO2 was observed for a
3.5 nm-thick MoOx film; this would not be possible without the
presence of an external driving force for the crystallization. This
driving force corresponds to the template effect on account of
the rutile-phased TiO2. The surface energy between the TiN and
MoOx interface could be reduced via crystallization to the
monoclinic MoO2, which has a crystallinity coherency with
the rutile TiO2. Although the Mo4+ content in the MoOx thin
film deposited using H2O on TiN was also high, most part of
the film remained in the amorphous phase (Fig. 1f). This was
because enough rutile TiO2 did not form at the surface of TiN
with the H2O reactant owing to its low oxidation potential.
Although rutile TiO2 was observed (Fig. 1h) probably due to the
oxygen scavenging effect, the crystallization of MoO2 was not
observed owing to the poor crystallinity of the rutile TiO2.

Based on these results, the following mechanism is proposed
for MoO2 crystallization during thin-film deposition (Fig. 3). Dur-
ing MoOx ALD using O3, the strong O3 oxidation potential oxidizes
the TiN surface to form rutile TiO2. Moreover, the oxygen scaveng-
ing effect of TiN results in the reduction of the deposited MoOx

thin film to MoO2. Owing to rutile TiO2 and MoO2 crystal
structural coherency, MoOx is deposited mostly as Mo4+ and then
crystallizes to monoclinic MoO2. The substrate crystal-structure-
induced epitaxial growth decreased with increasing film thick-
ness, resulting in different film-thickness-dependent crystal struc-
tures. These results suggest that the template effect originating
from rutile TiO2 on the TiN substrate surface plays a key role in
metastable MoO2 formation and crystallization.

Fig. 2 (a) XRD patterns of MoO2 thin films deposited at various thick-
nesses. (b) Mo4+, Mo5+, and Mo6+ ratios plotted as functions of MoO2 film
thickness.

Fig. 3 Schematic diagram of the formation of MoO2 and MoO3 in MoOx thin film depending on the film thickness.
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Evaluating electrical characteristics of MIM capacitors
fabricated using MoO2 electrodes

The template effect of the deposited MoO2 thin-film electrode on
in situ rutile TiO2 formation was investigated for application to
next-generation DRAM capacitors. The crystallinity of the TiO2

thin film deposited on the MoO2 thin film was investigated using
XRD (Fig. 4a). Owing to the highly crystallized MoO2 structure, the
deposited TiO2 film also exhibited high rutile crystallinity. In the
XRD pattern, strong diffraction peaks corresponding to rutile TiO2

were observed even though the TiO2 film was only 18 nm thick.
Furthermore, the corresponding TEM image (Fig. 4b) shows that
the high rutile TiO2 crystallinity solely originated from the MoO2

thin-film crystallinity. Lattice fringe coherency clearly appeared at
the TiO2–MoO2 interface. The FFT patterns obtained for the TiO2

and MoO2 layers (Fig. 4c and d, respectively) were almost iden-
tical. Then, the dielectric constants were evaluated for the TiO2

thin film deposited on the MoO2 and TiN films (Fig. 4e). The TiO2

thin film bulk dielectric constant deposited on the MoO2 extracted
from the curve of the physical thickness (tphy) vs. the equivalent
oxide thickness (tox) was 150, which is the highest dielectric
constant ever reported for deposited TiO2 thin films,29–32 whereas
48 for the TiO2 thin film deposited on TiN. Moreover, the tphy–tox

curve exhibited an almost negligible y-intercept, implying that the
TiO2 thin film crystallinity was not degraded at the TiO2–MoO2

interface. These results suggest that the rutile TiO2 crystallinity
was attributed to MoO2-crystal-structure-induced epitaxial growth.

Notably, the exceptional TiO2 dielectric constant as high as
150 was achieved because the MoO2 thin film deposited using
the developed ALD method exhibited an excellent crystal struc-
ture. Even when an Ru or an RuO2 substrate was employed to
epitaxially grow TiO2, the highest k achieved was 120.32 Further-
more, the higher lattice mismatch between MoO2 and rutile TiO2

(4.6%) than that between RuO2 and rutile TiO2 (2.0%) indicated
that the high dielectric constant of the TiO2 thin film was ascribed
to the exceptionally high crystallinity of the MoO2 thin film
deposited using O3 on the TiN substrate.

The above results suggest that the MoO2/TiN structure is the
most promising capacitor electrode for further improving
the electronic applications. However, for DRAM applications,
the physical thickness of not only the insulator but also the
electrode is strictly limited owing to extremely scaled pitch size
in the three-dimensional structure of the capacitor (Fig. 5a).
The minimum thickness of MoO2 was evaluated to investigate
the actual DRAM application capability of the MoO2/TiN struc-
ture. As shown in Fig. 5b, the template effect for rutile-phased
TiO2 formation depending on the MoO2 thickness was investi-
gated. For the MoO2 thicknesses of 3.1 (50 ALD cycles) and
4.8 nm (75 ALD cycles), the deposited TiO2 thin films exhibited
k values of 148.2 and 153.1, respectively, indicating that the
TiO2 was well crystallized to the rutile phase. In the case of
0.5 nm-thick MoO2 (15 cycles), the TiO2 thin film demonstrated
a k value of 92.5, implying that MoO2 with a thickness more
than 0.5 nm, which corresponds to the minimum thickness to
form the monolayer, can contribute to the formation of rutile-
phased TiO2. However, for thicknesses lower than 0.5 nm, the
k value of TiO2 dramatically decreased, reaching 58.0 for
0.14 nm-thick MoO2 (5 cycles). Simultaneously, the leakage
current density of the MIM structure was also evaluated. As
observed in the dependence of the k value of TiO2 on the MoO2

thickness, the leakage current density also increased for MoO2

thicknesses lower than 3 nm (50 cycles). This variation in
leakage current density can be attributed to the difference
between the work functions of TiN and MoO2. The variation
in the work function of the MoO2/TiN structure with the MoO2

thickness was also investigated (Fig. 5c). When the thickness of
MoO2 was more than 3 nm, the work function of the structure
was 5.5 eV, which is a relatively high value among those of
potential materials for electrode applications (Table 1 and
Fig. 5d). With the decrease in the thickness of MoO2 below
3 nm, the work function of the structure gradually decreased.
This result indicated that the high work function of the
structure can be attributed to the work function of MoO2, and
as the thickness of MoO2 decreased, the work function of the
structure was governed by the TiN.

Finally, MIM capacitors were fabricated using MoO2 electro-
des to determine the minimum tox at a leakage current density
of 10�6 A/cm2 at an applied bias of 0.8 V, which is called ‘‘tox

scaling’’ (Fig. 6). The tox scaling was measured using an MoO2

electrode instead of a TiN one in a TiO2-based MIM capacitor.
In the TiN electrode, the TiO2 and Al-doped TiO2 (ATO) thin
film crystallized to anatase TiO2 exhibiting a dielectric constant
of 48 and 26.6, respectively, and resulting in the minimum tox

Fig. 4 (a) XRD pattern of 10 nm-thick TiO2 thin film deposited on MoO2.
(b) HR-TEM image of TiO2/MoO2 and FFT patterns of (c) TiO2 layer
(indicated by blue box in (b)) and (d) MoO2 layer (indicated by red box in
(b)), and (e) tphy–tox curve of TiO2 deposited on MoO2 (black square symbol
and red line) and TiN (gray circle symbol and gray line).
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of 2.2 and 0.95 nm, respectively. In contrast, the TiO2 and ATO
thin film deposited on the MoO2 film exhibited a dielectric
constant of 150, and 106, respectively, leading to a tox of 0.7,
and 0.357 nm, respectively, which is the best result ever
reported.2,34,40 Notably, both tox enhancements in TiO2 and
ATO were identical to three-fold, which coincided with the
dielectric constant enhancement of three-fold between MoO2

and TiN (Fig. 4e), indicating that tox scaling achieved

by developing the MoO2 electrode was attributed to the con-
tributions of the high dielectric constant of TiO2. Additionally,
according to the leakage-current density versus voltage
( J–V) curves (Fig. S6b, ESI†), the leakage current of the MIM
capacitor fabricated using the MoO2 electrode was reduced by
approximately 1–2 orders of magnitude compared to the capa-
citor fabricated using the TiN electrode. Because leakage cur-
rent was predominantly conducted by the Schottky emission

Fig. 5 (a) Schematic illustration of the DRAM capacitor. (b) k value and leakage current of the MIM capacitor consisting of (bottom) TiN/MoO2/16 nm-thick and
(top) TiO2/RuO2/Pt with varied MoO2 thickness. (c) Work function of the TiN/MoO2 structure depending on the MoO2 thickness. (d) Work function of electrodes
vs. dielectric constant of insulators deposited on the electrode plot for comparison of recent achievements about the electrode of MIM capacitors.

Table 1 Comparison of recent results about the electrode of MIM capacitors

Electrode
material

Deposition technique
(electrode)

Work function
[eV]

Dielectric
material

Deposition technique
(dielectric)

Dielectric
constant

Minimum tox

[nm]

MoO2
(this work)

ALD 5.5 TiO2 ALD 150 0.44

MoO2

(this work)
ALD 5.5 ATO ALD 106 0.36

Ru2,30 CVD 4.8 TiO2 ALD 110 0.8
Ru2,33 — 4.8 SrTiO3 ALD 101 0.46
RuO2

30 CVD 5.1 TiO2 ALD 102 0.56
RuO2

34 CVD 5.1 ATO ALD 99.7 0.37
RuO2

35 — 5.1 SrTiO3 ALD 128 0.43
Pt36 Sputter 5.63 TiO2 ALD 43 2.44
TiN15 CVD 4.2 TiO2 ALD 44.5 1.71
TiN15 CVD 4.2 ATO ALD 44.54 1.69
SrRuO3

37 PLD 5.2 TiO2 PLD 39 2.5
SrRuO3

38 Sputter 5.2 SrTiO3 Sputter 200 0.4
Ir/IrO2

2,39 ALD 4.2 TiO2 ALD 78 0.52
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mechanism in TiO2, the barrier height between the electrode
and insulator markedly affected the leakage current. The MoO2

work function is approximately 1 eV higher than the TiN one,
thereby effectively reducing the MIM capacitor leakage current
in the TiO2-based insulator. In the case of ATO, significant
Schottky emission mediated leakage current reduction was
observed. The Schottky emission along with overcoming the
Schottky barrier resulted in the Schottky emission induced
leakage current conduction in TiO2, where the applied voltage
was sufficient to overcome the barrier (generally 0.5–1.0 V).41,42

In the case of the MoO2 electrode, the leakage current reduction
was dramatically decreased compared to that of the TiN elec-
trode for the applied voltage above �0.5 V (Fig. S6b, ESI†).
Therefore, the decrease in leakage current with the use of the
MoO2 electrode can be attributed to the higher work function of
MoO2. Although tox scaling has only been attempted using
conventional high-k materials, such materials exhibit a tradeoff
relationship between the dielectric constant and the bandgap,
which inherently limits tox scaling. Therefore, using MoO2 films
can scale tox by simultaneously enhancing the dielectric con-
stant and leakage current.

Conclusions

An ALD process was developed to deposit MoO2 thin films for
application to DRAM capacitor electrodes, and the electrical
characteristics of MIM capacitors fabricated using the MoO2

thin films were evaluated. The MoO2 films deposited using O3

on the TiN substrate were highly crystallized. The metastable-
phase formation mechanism revealed that the rutile-TiO2-
induced template effect on the TiN surface contributed to the
high MoO2 crystallinity, which induced a rutile microstructure
in the TiO2 deposited on the MoO2 layer. This feature resulted
in a dielectric constant as high as 150, the highest ever reported
for deposited TiO2 thin films. Moreover, the very high MoO2

work function of 5.5 eV effectively suppressed the leakage
current, enabling the MIM capacitor to achieve a tox scaling
of 0.357 nm. Consequently, the developed MoO2 ALD method
could substantially enhance the electrical properties of next-
generation DRAM devices.
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