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The synthesis, structure, and electrical performances of titanium dioxide (TiO2 and also doped
TiO2) thin films, a capacitor dielectric for dynamic random access memory (DRAM) and
a resistance switching material in resistance switching RAM (ReRAM), are reviewed. The
three-dimensionality of these structures and the extremely small feature sizes (,20 nm) of these
memory devices require the synthesis method of TiO2-based layers to exhibit high degree of
conformality. Atomic layer deposition is, therefore, the method of choice in respect of film growth
for these applications. The unique arrangement of the TiO6-octahedra in the rutile structure, which
results in the value for dielectric constant of the dielectric layer, er (.100), makes the material
especially attractive as the capacitor dielectric layer in DRAM. Removing some of the oxygen ions
from the rutile structure and arranging the resulting oxygen vacancies on a specific crystallographic
plane results in the so called Magnéli phase materials, which show distinctive conducting
semiconductor or metallic characteristics. External electrical stimuli can cause the repeated
formation and rupture of conducting channels that consist of these Magnéli phase materials in the
insulating TiO2 matrix, and this aspect makes the material a very feasible choice for applications in
ReRAM. This article reviews the material properties, fabrication process, integration issues, and
prospect of TiO2 films for these applications.

I. INTRODUCTION

The miniaturization (or scaling) of switching and data
storing elements, such as transistors and capacitors, in
semiconductor devices according to Moore’s law has
been the major impetus for the continued and very suc-
cessful growth of the semiconductor industry and various
branches of information technology. However, the con-
tinuously decreased feature size of the devices is already
reaching its practical and physical limitations (;10 nm),
so different strategies are urgently needed. The practical
limitations can be summarized by the ever-increasing and
already extremely expensive patterning processes required
as scaling progresses, while the physical issues arise from
the literally countable number of electrons present in
transistors at this size scale. When the number of electrons
becomes countable quantum mechanical uncertainty can

no longer be neglected, and no further scaling can be
pursued considering the unavoidable pattern-size variation
(typically ;5% of the feature size). Therefore, two ap-
proaches are currently being pursued; one is to integrate
the devices in a vertical way, an example being vertical
NAND flash memory,1 which is the more feasible ap-
proach for memory devices, and the other is to adopt new
functional materials, such as the high-k gate dielectrics in
high-performance logic chips.2 Of course, these examples
do not limit the application of these new approaches since
the vertical device, such as fin-type field effect transistors,
is also an important research field for logic chips, and new
functional materials are crucial for the reliable functioning
of various types of new memories that are under de-
velopment, such as phase change random access memory.
Dynamic random access memory (DRAM) still works

as a main memory in every modern high-performance com-
puter and “pad”-type hand held device. This is due to the
unrivaled simultaneous realization of supreme performance
(speed, endurance, and efficient memory utilization) and
ultrahigh density among the various types of memories.

a)Address all correspondence to this author.
e-mail: cheolsh@snu.ac.kr

DOI: 10.1557/jmr.2012.231

J. Mater. Res., Vol. 28, No. 3, Feb 14, 2013 �Materials Research Society 2012 313

ht
tp

s:
//

do
i.o

rg
/1

0.
15

57
/jm

r.
20

12
.2

31
 P

ub
lis

he
d 

on
lin

e 
by

 C
am

br
id

ge
 U

ni
ve

rs
ity

 P
re

ss

http://crossmark.crossref.org/dialog/?doi=10.1557/jmr.2012.231&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1557/jmr.2012.231&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1557/jmr.2012.231&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1557/jmr.2012.231&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1557/jmr.2012.231&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1557/jmr.2012.231&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1557/jmr.2012.231&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1557/jmr.2012.231&domain=pdf
https://doi.org/10.1557/jmr.2012.231


However, DRAM has two critical problems; one is its
volatile data retention and the other is its incompatibility
with vertical integration. The volatile character of DRAM
cannot be avoided in principle, although the refresh per-
formance can be improved by implementing transistors
with smaller off current and capacitors with lower leakage
current levels. The vertical integration of DRAM is ex-
tremely difficult due to the presence of capacitors. There-
fore, for the given structure of DRAM, the adoption of a
new functional material that can assure higher cell capac-
itance, as reviewed in this article, is the only way by which
the DRAM can improve its performance. TiO2 thin films
are especially important in this regard.

Resistance switching random access memory (ReRAM)
is an emerging new memory that utilizes a new function-
ality found in nonconventional materials, which uses the
bistable and mutistable switchable resistance states of
these materials.3 Although there are several categoriza-
tions for this type of memory depending on the resistance
switching (RS) mechanism and voltage application di-
rection,4 this article is restricted to only the ReRAM
memories based on thermochemical and electronic mech-
anisms, which is typically shown in TiO2, since only
TiO2 thin films are of concern in this article. Interestingly,
the RS of TiO2 films is derived from a (softly) broken
down state of the capacitor in the metal-insulator-metal
(MIM) configuration, which is of the same configuration
as that of capacitors in DRAM. Of course, the (softly)
broken down state of TiO2 must be avoided in DRAM.
The reversible RS in TiO2 can be operated both in unipolar
RS (URS), where a single bias polarity is used to switch
the sample between the high and low resistance states,
and bipolar RS (BRS), where both bias polarities are
necessary to induce the switching.5–7 Another critical
merit of ReRAM is its possible integration into high-
density matrix type memory using the crossbar architec-
ture where the select transistor can be replaced by a diode.8

This is a very plausible feature of interest in the context of
fabrication of the vertically integrated structure because
both the memory cell and select device have the two-
terminal configuration, which can be easily stacked on the
side-wall area of a vertical memory structure.9

Interestingly enough, the above-mentioned essential fea-
tures demanded of the prospective new functional materi-
als, that is, high capacitance in DRAM and fluent RS in
ReRAM, can be achieved in TiO2. The three-dimensional
(3D) structures of DRAM and ReRAM require a film
growth technique that offers a high degree of conformality
over severely topological and heterogeneous surfaces,
which can be achieved from atomic layer deposition
(ALD). Therefore, this review article describes the follow-
ings; first, the basic material properties of TiO2 are briefly
reviewed. Herein, the discussion is limited to the structure
of interest for the applications mentioned above; rutile. The
structural and chemical features of rutile phase TiO2 is

discussed with respect to its crystallographic and quantum
mechanical band structures that result in the extraordinarily
high value for the dielectric constant for DRAM and
structural transitions for ReRAM. Then, the thin film
growth processes for TiO2 thin films are briefly reviewed
with emphasis on ALD. Since TiO2 is a simple binary
oxide, it is fairly easy to grow TiO2 films on various sub-
strates using several thin films deposition processes, such as
sputtering, chemical vapor deposition (CVD), and ALD.
However, the growth of films with satisfactory performance
is rather limited to only certain cases due to the relatively
easy formation of defects, which is partly attributed to the
relatively small band energy difference between TiO2 and
its suboxides compared with other oxides, such as haf-
nium oxide (HfO2).

10 The smaller band gap (Eg) of TiO2

(3.1–3.2 eV) compared with others makes it vulnerable to
unwanted performance degradation even with lower (point)
defect densities. Therefore, ALD is the process of choice for
obtaining high-quality TiO2 films. Next, the performance of
the TiO2 (or doped TiO2) films in DRAM and ReRAM are
discussed in detail, where a summary of recent important
reports is provided with some of the authors’ recent im-
provements. Finally, the article provides the readers with a
conclusion and some outlook.

II. THE NONSTOICHIOMETRY OF TiO2

TiO2 is a typical hypostoichiometric compound, in
which oxygen is deficient, i.e., TiO2�x. Its hypostoichi-
ometry is known to result from point defect formation.
Owing to the positive contribution of point defects to the
entropy of TiO2, its nonstoichiometry is indeed inevitable
from a thermodynamic point of view. For a long period,
there was considerable speculation over the dominant
defect type in hypostoichiometric TiO2. Two different
types of defects are estimated to possibly lead to the
hypostoichiometry, which are titanium interstitials11–14

and oxygen vacancies.15–17 However, the dominant defect
type in TiO2 appears to be a matter of thermodynamic
conditions in the measurements, mostly temperature. As
Marucco et al. demonstrated, at low temperatures, oxygen
vacancies aremost likely the dominant defect type, whereas,
at high temperatures, titanium interstitials prevail.13

In spite of the thermodynamic stability of point
defects, i.e., oxygen vacancies, in TiO2, there is a certain
upper limit in the concentration of these defects that can
be accommodated in TiO2 if its crystal structure is to be
sustained.18 The upper limit of x in TiO2�x is known to
be 0.008 at 1000 K.18 That is, at the most 0.4% of the
oxygen ion sites can be empty. When the concentration of
oxygen vacancies crosses the upper limit boundary, the
phase instability of original TiO2 structure becomes very
high and phase-transition leading to a second phase(s)
occurs. In the phase diagram of Ti–O compounds, one can
find a number of stable phases of Ti–O compounds, for
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instance, TinO2n�1 phases, where n 5 1, 2, 3, . . ., right
beside the TiO2 phases, which are referred to as Magnéli
phases.19 The evolution ofMagnéli phases is a result of the
formation of crystallographic shear planes (CSPs) that
result from oxygen vacancy clustering. Note that these
extended defects, i.e., CSPs, do not contribute to an
increase in the entropy as point defects do.

The effects of point defects on the electrical properties
of TiO2 are quite straightforward. Because oxygen vacan-
cies serve as donors in TiO2, an increase in their con-
centration leads to an increase in the concentration of
delocalized electrons, and thus the conductivity of TiO2 is
increased under these circumstances. In addition, as dem-
onstrated by Jeong et al., an increase in the concentration
of oxygen vacancies perhaps decreases the Schottky
barrier height at the metal–TiO2 interface.20 Not only
direct current (DC) characteristics but also alternating
current (AC) characteristics of TiO2 appear to be influenced
by oxygen vacancy concentration. In addition to the ionic
polarizability of TiO2, the back-to-back double layers
formed in a metal–TiO2–metal junction perhaps contribute
to the dielectric behavior in a frequency domain, especially,
in a low frequency region. The contribution of the double
layers is a matter of oxygen vacancy concentration as well
as the diffusion coefficient or mobility.

In TiO2, oxygen vacancies play two extremely different
roles when the material is used for dielectric and RS
functionalities, the two major applications that are of
interest in this article. That is, oxygen vacancies in TiO2

as a capacitor dielectric (with low dielectric loss) are very
deleterious; so it is very important to reduce oxygen
vacancy concentration as low as possible. On the contrary,
when TiO2 serves as a RS material, oxygen vacancy
formation is of great importance since the formation of
conducting filaments made of Ti suboxides, i.e., Magnéli
phases, plays a key role in its RS.21–23

III. ALD FOR NEXT-GENERATION
MEMORY DEVICES

One of most critical challenges which DRAM tech-
nology has been confronted with is the achievement of
sufficient cell capacitance. For the successful operation of
DRAMs, the cell capacitance of DRAM devices should be
higher than 25 fF/cell due to the parasitic noise, irrespec-
tive of technology node. However, the scaling down of
DRAM cells has made cell capacitor size progressively
smaller, making it progressively more and more cumber-
some to achieve sufficient cell capacitance. The capaci-
tance in a DRAM cell is expressed by the following;

C ¼ e0er
A

t
: ð1Þ

Where C, e0, er, A, and t indicate the capacitance,
permittivity of vacuum, dielectric constant of the dielectric
layer, effective area of capacitor, and film thickness,
respectively. 3D structured capacitors such as cylinder
type devices have been used to increase the surface area of
capacitors as shown in Fig. 1(a).24 However, the ever-
shrinking design rule results in a fragile device due to the
weaker mechanical strength in the tall storage nodes. This
generally leads to the tilting or even breakage of these
storage nodes. Therefore, decreasing storage node height
in DRAM cells is inevitable as the design rule scales down
further. An alternative would be to decrease dielectric film
thickness, but this brings high leakage currents, meaning
that it is not a good approach either. Consequently, the
only way to achieve sufficient capacitance is to replace the
dielectric layer with a higher-k material such as rutile-
structured TiO2. The high-k material should also be ca-
pable of being grown on the 3D-structured capacitors
shown in Fig. 1(a). This requires extremely conformal film
growth on the severe 3D structure (aspect ratio of ;100).
ALD is the only method that can achieve excellent
conformality on these extreme 3D structures. Therefore,
the dielectric film in DRAM capacitors should be grown
by ALD.

ReRAM has recently received great interest as a strong
candidate for new memory devices. Up to now, studies
concerning ReRAM have focused on the RS phenomena
of planar structured cells so far. However, the 3D stacked
structure attracts a great deal of attention in the field of
nonvolatile memory devices since it can improve the
integration density without increasing the fabrication cost
to astronomical levels, and research in this area is
pending. Figure 1(b) shows one of the schematic struc-
tures for the 3D stacked crossbar device proposed by some
of the authors.25 The structural modification of the cell
would be another key area of research for this type of

FIG. 1. Schematic diagrams of (a) DRAM cells which consist of a cell
transistor and capacitor (reproduced from Ref. 24. Permission acquired
from Wiley-VCH) and (b) 3D stacked crossbar device.
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memory device in the future. This structural modification
of ReRAM into 3D stacks requires conformal growth of
the RS material as well as other materials, such as metal
electrodes. Therefore, it is also obvious that the RS
material should be grown by ALD.

ALD is a timely and promising growth method for
high-quality thin films in microelectronics including
DRAMs and ReRAMs from this point of view.26–29 In
contrast to conventional CVD where all the reactants are
simultaneously injected into a reactor, ALD is based on the
sequential introduction of the precursors and reactants.
Figure 2 shows the schematic diagram of a typical ALD
reaction. The residual reactants and by-products are
purged out between the injection steps of each reactant.
The growth in each step is self-limited after the chemi-
sorption of the reactants on all the available sites of the
reaction surface. This self-limiting mechanism of ALD
enables the unique and valuable characteristics of ALD.
The growth rate of an ALD process is generally defined
as the increment of film thickness per one cycle performed
in the reaction chamber. This characteristic allows thick-
ness control to be much easier and more accurate in the
subnanometer range. In addition, even at low temper-
atures, ALD can produce promising quality films with
smooth morphology, no pinhole, less impurity, etc., since
ALD is not based on the thermal decomposition of
precursors but specific surface ligand-exchange reactions.
Most importantly, ALD is capable of achieving excellent
step coverage even on complex structures with an ex-
tremely high aspect ratio (.several hundreds) owing to the
self-limiting mechanism.30 This capability of conformal
growth seems to certainly lead to significant improve-
ments in next-generation DRAM and ReRAM devices.

TiO2 is one of the materials for which the ALD process
is well established. The excellent step coverage of ALD
TiO2 films can be achieved relatively easily.31 There
are many reports on ALD of TiO2 thin films from various
Ti precursors and oxygen sources.32–35 However, the
details on the ALD reactions of TiO2 films from various

reactants are not dealt with in this article. Herein, the
properties and performance of ALD-grown TiO2 films for
DRAM and ReRAM applications are discussed.

IV. ALD TiO2 THIN FILMS FOR DRAMS

A. Rutile TiO2 films growth by ALD

TiO2 has several polymorphic phases such as anatase,
brookite, and rutile. Among the polymorphic structures,
rutile-structured TiO2 films have received great interest as
a strong candidate for the high-k capacitor dielectric
application in the next-generation DRAM capacitors
because the rutile-structured TiO2 films have highest
values for the dielectric constant (170 along the c-axis
and 90 along the a-axis, respectively36) among the known
binary dielectric oxides. Anatase-structured TiO2 has
a much smaller value for dielectric constant (30–40).
The high value for dielectric constant of rutile TiO2 comes
from the very high born effective charges of the Ti and O
ions and the soft optical phonon mode in the crystal
structure.37

There have been many attempts to control the crystal-
line phase of TiO2 thin films since the interesting pro-
perties of TiO2 are strongly dependent on the crystalline
structure. The crystalline phase of TiO2 films grown by
ALD (and even CVD) is dependent on the various de-
position conditions. Among these, the growth temperature
is the most critical factor that determines the crystalline
phase of TiO2 films. The Rutile structure of TiO2, which
is the high temperature phase, generally requires a high
growth temperature (.500 °C) or high annealing temper-
ature (.700 °C). As described above, the stringent re-
quirement of conformal growth over extreme 3D structure
in DRAM capacitors can only be satisfied by ALD.
However, most conventionally available Ti precursors
for the ALD growth of TiO2 thin films decompose
thermally at these temperatures (.400 °C), so the ALD
growth of rutile phase TiO2 thin films could not be
achieved. Most of the TiO2 films grown by ALD have

FIG. 2. Schematic diagram of ALD reaction.
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anatase or amorphous phases, which have relatively low
value for dielectric constants (,40).32,34 There are only
a handful of reports on the growth of rutile TiO2 films by
ALD with halide precursors such as titanium tetrachloride
(TiCl4) and titanium tetraiodide (TiI4), which can with-
stand high temperature.38,39 However, the ALD reaction
from these halide precursors generates hydrogen chloride
(HCl) or hydrogen iodide (HI) as the by-product, which
are not compatible with an ALD tool for mass production.

The authors reported the ALD growth of rutile-
structured TiO2 thin films on a ruthenium (Ru) substrate
at a temperature as low as 250 °Cwhere most Ti precursors
can be used for the ALD growth of TiO2 films.40 In the
report, interestingly, the rutile-structured TiO2 is formed
only on the Ru substrate whereas anatase-structured TiO2

is formed on other substrates such as platinum (Pt) and
silica (Si) despite the same deposition conditions.40 The
critical factor for the formation of rutile TiO2 on Ru is the
presence of interfacial RuO2, which is structurally com-
patible with rutile TiO2. RuO2 also has a rutile phase, and
has a good lattice match with rutile TiO2.

40,41 As shown in
Fig. 3(a), the ALD process from oxygen sources with
strong oxidation potentials can form very thin RuO2 layers
at the initial growth stage.40 The interfacial RuO2 layer
induces the formation of rutile TiO2 due to the structural
compatibility in spite of the low growth temperature of
250 °C.40,41 Indeed, the ALD process of TiO2 films with
H2O resulted in the formation of an anatase phase while
the ALD process of TiO2 films with gases with strong
oxidation potentials such as ozone (O3), oxygen (O2), or
nitrous oxide (N2O) plasma gave rise to the formation of a
rutile phase on the Ru electrode as shown in Fig. 3(b).32,40

This is because the O3, O2-, or N2O plasma formed a thin
interfacial RuO2 layer in the initial growth stage, which

enables the formation of rutile TiO2. Figure 3(c) shows the
Ru 3d x-ray photoelectron spectra of Ru substrates under
1-nm thick TiO2 films grown by H2O and O3, respec-
tively.40 The sample grown with O3 clearly showed
a strong signal of RuO2 phase. This supports the premise
that the interfacial RuO2 layer induces the formation
of rutile TiO2 films in low temperature ALD processes.
In addition, fortunately, RuO2 has very low resistivity
(;40 lX cm) meaning that the interfacial RuO2 layer does
not lead to a loss in the capacitance but simply works as
a part of the electrode.

The ALD rutile TiO2 films grown on the Ru electrode
showed a much higher value for dielectric constant
compared with the anatase TiO2 films grown by ALD.
Figure 3(d) shows the variation in the equivalent oxide
thickness (tox) of the TiO2 films as a function of film
thickness.40 The value for dielectric constant extracted
from the inverse slope of the graph is ;83 for the rutile
TiO2 films and ;37 for anatase TiO2 films, respectively,
which is consistent with the crystalline structure. The high
value obtained for the dielectric constant of rutile TiO2

films makes ALD TiO2 films a very promising capacitor
dielectric for next-generation DRAM capacitors.

It is also important to optimize the exposure time of the
oxygen sources such as O3 or O2 plasma to assure good
electrical properties in the TiO2/Ru capacitor. The authors
reported that a long O3 exposure time (.5 s) in respect of
the Ru electrode deteriorated the leakage properties of the
TiO2/Ru capacitor.42 The long O3 exposure time rough-
ened the interface attributable to the severe nonuniform
oxidation of the Ru electrode at the initial growth stage.41,42

The rough interface largely increased the leakage currents
of the TiO2/Ru capacitor. Excessive exposure of Ru
electrodes to an O3 environment can also etch away the

FIG. 3. (a) Schematic process flow for the formation of rutile TiO2 on Ru by ALD. (b) Glancing angle XRD patterns of TiO2 films grown with H2O
and O3 as the oxygen source, respectively. (c) Ru 3D x-ray photoelectron spectra of Ru substrates under 1-nm thick TiO2 films with H2O and O3,
respectively. (d) The variation in the tox value of TiO2 films as a function of film thickness. (Figure and data reproduced from Ref. 40. Permission
acquired from the American Institute of Physics.)
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Ru through a disproportionation reaction (2RuO2!Ru1
RuO4).

43

Rutile TiO2 films can be formed on other substrates
besides Ru electrode. The authors reported observing
rutile TiO2 growth directly on RuO2 electrodes at a
growth temperature of 250 °C.41,44 The rutile TiO2 films
are formed on the RuO2 electrodes irrespective of oxygen
sources. Fröhlich et al. reported a high value for dielectric
constant (;130) of ALD TiO2 films grown on RuO2

electrodes by controlling the preferred orientation of
the RuO2 layer.

45 In addition, the authors recently reported
rutile TiO2 film growth on iridium (Ir) substrates by ALD
with O3 as the oxygen source.46 Since iridium dioxide
(IrO2) has a rutile crystalline structure as well, the thin IrO2

surface layer induced the formation of rutile TiO2 films
grown byALD. However, it should be noted that very long
O3 exposure time at the initial growth is required to form
rutile TiO2 films on the Ir substrate in exactly opposite
situation to the case of TiO2 on Ru. At a short O3 exposure
time, anatase TiO2 was formed despite the use of O3. This
is because Ir is more resistant to oxidation than Ru. In
contrast to Ru, the surface/interface roughening, which
can deteriorate the leakage properties, was not observed in
the ALD TiO2 on Ir even with a quite a long O3 exposure
time (.45 s).

B. Improvement in the leakage properties
of rutile TiO2 films

Although the rutile TiO2 thin film grown by ALD is
a promising capacitor dielectric in terms of the high value
for dielectric constant (.80), the leakage currents have not
yet been controlled to low enough value for making them
suitable for being labeled as next-generation DRAM
capacitors due to its small Eg and n-type material charac-
teristics.42 It was demonstrated that the leakage currents of
a Pt/TiO2/(RuO2)Ru stack were governed by Schottky
conduction at the metal/dielectric interface.24,47 The
low Schottky barrier height at the metal/TiO2 interface
resulted in high leakage currents in the rutile TiO2 capacitor.
Therefore, several attempts have been made to increase the
Schottky barrier height at the metal/TiO2 interface.

TiO2 is a well-known n-type material due to electron
self-doping by oxygen vacancies as mentioned above. It
can be expected that acceptor doping into the rutile TiO2

will compensate for oxygen vacancies in the TiO2 and
lower the pinned Fermi level, resulting in increased
Schottky barrier height. Al ions were used as the acceptor
because of the nominal valence state of 13 and the well-
established ALD process of Al2O3 thin films. Indeed,
aluminum (Al) doping into the rutile TiO2 films remarkably
improved the leakage properties of the films. Figure 4(a)
shows the leakage current density versus applied voltage
(J-V) curves of rutile TiO2 and Al-doped TiO2 (ATO) films
grown on Ru by ALD.47 Despite the lower tox of the ATO

films, they exhibited better leakage properties over all
voltage ranges. At a tox value as low as 0.5 nm, in particular,
the Al-doping significantly reduced the leakage currents
of the TiO2 films by ;106 times at an applied voltage of
;0.8 V, which is an expected operating voltage of next-
generation DRAM capacitors. From the analysis of the
conduction mechanism and the valence band offset
measurement by XPS, it was verified that the improve-
ment in the leakage properties by Al doping resulted from
the increase in the Schottky barrier height by;0.5 eV.47

First-principle calculations also showed that Al doping
into TiO2 lowers the Fermi level without changing the
Eg of TiO2 [Fig. 4(b)]. Interestingly, the Al ions doped
at metal/TiO2 interface regions increase the Schottky
barrier height more effectively. Actually, ALD-grown
ATO films have higher Al concentration at the vicinity of
the interface. This high interfacial Al concentration con-
tributed to a larger effective increase the Schottky barrier
height at the ATO/Ru interface.

Another approach to increase Schottky barrier height is
adopting a very thin hafnium oxide (HfO2) layer on the
top of rutile TiO2 films.48,49 Although an extremely thin
HfO2 layer (,1 nm) was deposited on the rutile TiO2 films
to minimize the sacrifice in capacitance, the thin HfO2

layer considerably reduced the leakage current of the TiO2

films as shown in Fig. 4(c). An extremely low tox value of
0.41 nm was reported from a 0.5-nm thick HfO2/TiO2

multilayer, which of course had stable leakage proper-
ties.48 The leakage current analysis from quantum me-
chanical transport simulations revealed that the top HfO2

layer reduced the defect density in the TiO2 film, resulting
in increased potential barrier height.49 Careful optimiza-
tion of the physical thickness of the HfO2 layers is required
to suppress the loss of capacitance.

Another approach to achieve ultralow leakage currents
is to increase the potential barrier height at the metal/TiO2

interface by the use of metals with high work functions.
Ru, which serves the growth of rutile TiO2 films at low
temperatures, has a work function of ;4.7 eV. However,
this value is lower than the values of the other noble metals
such as platinum (Pt), gold (Au), and Ir, which could have
better leakage properties. It should be reminded that an
important prerequisite in the selection of metal electrode is
that the metal has to induce the rutile structure of TiO2

films. RuO2 is a good candidate for this purpose because
RuO2 has higher work function (;5.0 eV) as well as
a rutile structure to induce the growth of rutile TiO2 films.
Figure 4(d) shows the leakage current density (J) value at
an applied voltage of 0.8 V versus tox value curves of TiO2

and ATO films grown on both Ru and RuO2 electrodes,
respectively.44 TiO2 and ATO films grown on the RuO2

electrodes clearly showed better dielectric performance
compared with the dielectric films grown on the Ru
electrodes. In particular, the ATO films on the RuO2

electrodes achieved a tox of 0.46 nm with stable leakage
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properties.44 It was reported that the improvement in the
leakage characteristics is attributed to the increase of
potential barrier height that comes from the high work
function of the RuO2. An interesting fact is that rutile TiO2

films on the Ru substrate also have an ultrathin RuO2 layer
(;1 nm) at the interface that is in situ formed during the
initial growth. The ultrathin RuO2 layer on Ru has lower
work function than that of the bulk material due to the
carrier redistribution between Ru and RuO2. Therefore,
the thick RuO2 with a high work function effectively
suppressed the leakage currents of the TiO2 (and ATO)
films. From the fact that the lower layer in the bilayered
electrode still determines the electrode properties of the
very thin top metal layer, it can be inferred that the re-
placement of the underlayer can improve the leakage
properties of a TiO2/metal stack as well. Iridium (Ir) has
a much higher work function compared with Ru, with
typical values being in the range of ;5.3 eV. The authors
reported that rutile TiO2/thin IrO2/Ir structures shows
better dielectric performance compared with the TiO2

films on Ru despite the quite low work function of IrO2

(;4.2 eV).46

The top electrode also plays a crucial role in improving
the capacitance density. Figure 5 shows the J–V curve of
a bottom RuO2/8.7-nm thick ATO/top RuO2/TiN sample
where the capacitance density of this specific sample
corresponds to a tox of ;0.40 nm. The J–V curve of
another ATO film, this time with a Pt top electrode that
showed a similar tox (of which thickness was 8.0 nm) was
also included for comparison. It can be understood that the
J level of the former was smaller than that of the latter by
;2 orders of magnitude at 0.8 V thanks to the larger
physical thickness even though the capacitance density
was identical. Achieving the same tox from the thicker
ATO film in the former case suggests that the effective
value for dielectric constant of the ATO film, although
they were identically processed, is higher, which is most
probably from the suppression of the intrinsic dead layer
effect50–52 at the top interface due to the adoption of
a conducting oxide as the top electrode.

FIG. 4. (a) J–V curves of rutile TiO2 and ATO films on Ru electrodes (data reproduced from Ref. 47). (b) The side view of the unit cell of the model
system for first-principles calculations. TiO2 layer is sandwiched between metallic electrodes of RuO2. Also shown in (b) is the partial density of states
(PDOS) projected onto 5th layer of TiO2 for various cases of Al doping. The number in parentheses indicates the layer where the Al atoms are doped.
The Fermi level is set to zero in all cases (vertical dashed line). (Figure and data reproduced from Ref. 47.) (c) J–V curves of TiO2/Ru and thin
HfO2/TiO2/Ru stacks (data reproduced from Ref. 48). (d) The J level at an applied voltage of 0.8 V versus tox value of TiO2 and ATO films grown
on Ru and RuO2, respectively (data reproduced from Ref. 44). (Permissions acquired from Wiley-VCH, American Chemical Society, and the
American Institute of Physics, respectively.)
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V. ALD TiO2 THIN FILMS FOR ReRAMs

RS materials have bistable low- and high resistance
states and which can be arbitrarily controlled by external
electrical signals. Here the process that changes the high
resistance state to the low resistance state is called a “set”
process and the reverse process is called a “reset” process.
In the early stages of ReRAM research around the year
2000, the switching mechanism was categorized into
unipolar and bipolar RS, where unipolar means the set
and reset operations can be performed by the same bias
polarity and bipolar means that this can be done by
different bias polarity. Figures 6(a) and 6(b) show the
current–voltage (I–V) curves measured in electroformed
Pt/TiO2/Pt structures for URS and BRS cases, respec-
tively. This classical categorization is purely based on
externally observed phenomena and thus does not include
any physical implications. During the last decade, the RS
mechanism has been intensively studied by many groups
and they are now well categorized with greatly expanded
knowledge on the underlying science of the phenomena.
In this process, TiO2 played a pivotal role due to the
following reasons. First, TiO2 is a material that has been
thoroughly studied as a high-k capacitor oxide meaning
that the deposition and fabrication processes such as CVD,
sputtering and ALD and the material properties are well
known, allowing researchers to easily approach TiO2 for
their ReRAM study. Second, a unique aspect of TiO2 is
that it shows both unipolar and bipolar RS, making
it easier to study both switching mechanisms and even
their correlations.53,54 One of the major reasons for the
confusions and complications among the various RS mech-
anisms is that one has to deal with a variety of materials that
each has its own explanations. The simultaneous presence
of both types of RS behavior in a single material clarifies
many issues related with the diversity of materials. In this
section, therefore, the two RS types (thermochemical type
unipolar RS and electronic type bipolar RS) and their
relations in TiO2 are reviewed.

A. Thermochemical unipolar switching in TiO2

The thermochemical type RS mechanism is closely
related to the formation and rupture of local conductive
paths called conducting filaments by thermochemical
redox reactions in TiO2. The major energy needed in the
thermochemical reactions is provided by the Joule heating
by the flowing current. Since the Joule heat is barely reliant
on bias polarity, unipolar or nonpolar type switching
can be explained by means of the thermochemical mech-
anism.55 In the early stages of research on filamentary
switching, conductive atomic force microscopy (CAFM)
analysis identified the evolution of conducting filaments at
the nanometer scale in URS, although the nature of
conducting filaments was far from being clarified.5,56

However, the recent progress in experimental techniques
has demystified the nature of conducting filaments. In fact,
it has been experimentally identified that, in TiO2, con-
ducting filaments are made of the Magnéli phases.22,23

Extensive and careful high-resolution transmission elec-
tron microscopy (HRTEM) and electron diffraction anal-
yses showed that the conducting filaments in TiO2 were
composed of TinO2n�1 (mostly n 5 4 or 5), known as the
Magnéli phases (Fig. 7). In situ local I–Vmeasurements in
the TEM apparatus clearly indicated that these trans-
formed filaments were indeed highly conductive, implying
the filaments could indeed constitute electrical conduction
paths. In addition, the resistance of the cell represented
a metal-to-insulator transition in a temperature domain
when it was cooled down below approximately 130 K.
The observed transition temperature corresponds to that
of the Magnéli phases, meaning that this further confirmed
the Magnéli phase conducting filaments.22

For forming the Magnéli phases in the highest titanium
oxide, i.e., TiO2, a large number of oxygen-related point
defects (mostly oxygen vacancies) should be present in the
oxide. However, generally a pristine TiO2 film lacks the
number of oxygen vacancies to cause the thermodynamic
instability of TiO2. Therefore, an electroforming step is
a prerequisite to enable subsequent RS. Electroforming is

FIG. 5. J–V curves of ATO films (tox:;0.4 nm) with RuO2 and Pt top
electrodes, respectively.

FIG. 6. Typical (a) unipolar and (b) bipolar RS switching curves
measured in electroformed Pt/TiO2/Pt structure. (data reproduced from
Ref. 5. Permission acquired from the American Institute of Physics.)
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believed to introduce oxygen vacancies into a TiO2 film,
which remarkably increases the local instability of the
TiO2 phase, leading to the growth of conducting filaments
consisting of lower titanium oxides, i.e., the Magnéli
phases. The electroformed state is generally achieved by
applying a (soft) breakdown voltage to the TiO2 film with
an appropriate compliance current. It is most likely that
a large number of nuclei for the conducting filament are
formed initially but once an adequate number of them are
consumed in connecting both the electrodes, rest of the
nuclei stop growing.

In TiO2, conducting filament formation may be de-
scribed by a nucleation and growth process. The direction
of conducting filament growth was found to be parallel to
the direction of electric field, rather than in random
direction. Positively charged oxygen vacancies are most
likely generated at the anodic interface in a TiO2-based RS
cell, as a result of the oxidation of oxygen ions. They could
drift and diffuse to the cathode interface by the applied
bias and concentration gradient, respectively. During this
process, electrons are injected locally at the cathodic
interface at a location where the interfacial Schottky
barrier is lowered in the Pt/TiO2/Pt system. Figure 8
illustrates the filament nucleation and growth process in
detail. Owing to the preferential nucleation at the cathodic
interface, the final conducting filament shape could have
a conical shape, where wider and narrower diameters are
formed at the cathodic and anodic interfaces, respec-
tively.22,57 This anisotropic shape of the conducting
filament is the cause of the several characteristic phenom-
ena of thermochemical RS, including the anodic interface
localized switching.58,59 Readers are suggested to refer to
a recent review article by the authors regarding this
issue.60

The formed filaments are ruptured by the reset process
and the ruptured filament can be rejuvenated by the set
process. The reset operation might be achieved by

melting the Magnéli conducting filaments with sufficient
electric current and subsequent cooling down. During the
cooling step, the melted material may crystallize into
either anatase or rutile depending on the phase of the
neighboring TiO2�x material. It is also possible that
extremely rapid cooling down occurs, inducing the solid-
ification of the melted material into an amorphous phase.
Although the most thermodynamically stable phase in the
Ti–O system when such large amounts of oxygen vacan-
cies are present (Ti4O7 is equivalent to TiO1.75) is the
Magnéli phase, the possible rapid cooling of the melted
material may not allow enough time to form Magnéli
phase. This can be understood from the fact that the
formation of a Magnéli phase requires the rearrangement
of oxygen vacancies on the (121) plane of the rutile TiO2

structure, which may take a significant duration of time.
It is clear that these defective anatase or rutile phases
(TiO2�d where d , 0.25) have much higher electrical
conductivity than the pristine stoichiometric TiO2, but it is
also possible that this material is much more insulating
than theMagnéli phase because a percolating path may not
be formed in the TiO2�d. Indeed, the resistance of the reset
state RS sample is generally much lower than that of the
pristine sample but is still far higher than the set state.5

The promising aspect of this model is that it does not
require any involvement of the unidirectional motion of
oxygen ions during repeated set/reset switching. The

FIG. 7. High-resolution TEM image of a Ti4O7 nanofilament in
Pt/TiO2/Pt structure (data reproduced from Ref. 22).

FIG. 8. The schematic illustration of unipolar RS of TiO2 (a) by
increasing the applied bias, the conducting filament begins growing
from the cathode (electron injection electrode). (b) Once one of filament
touches the anode, the MIM system switches to the on state, which is
called “forming.” (c) By the reset process, the filament rupturing
occurred at the anode interface by reoxidation of conducting filament.
(d) By the subsequent set process, the conducting filament is re-
juvenated.
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material just changes its phase from the metallic (or highly
conductive semiconducting) Magnéli to the less conduct-
ing defective TiO2�d. During the subsequent set opera-
tions, the flow of current induces a Joule heating effect,
which transforms the metastable defective TiO2�d into the
stable Magnéli phase.

B. Electronic or ionic bipolar switching in TiO2

Electronic type BRS corresponds to a case where the
trap-mediated hysteretic electronic conduction is asym-
metric with respect to the bias polarity.54 This can be
achieved after the rupture of a conducting filament by the
thermochemical reset process. After the filament rupture,
the TiO2 can be divided into the filament ruptured region
and the filament region. The filament region, which is
composed of the Magnéli phase, can be regarded as an
electrode forming an Ohmic contact. [The bottom panels
of Figs. 9(a) and 9(b)] The filament ruptured region (which
is the switching region here) can be divided into two
layers, one being the switching layer (TiO2�y) where the
RS occurs and the other being the nonswitching layer
(TiO2�x) which is inevitable for RS even though no switch-
ing occurs. [at x , y, the bottom panels of Figs. 9(a) and
9(b)] The switching layer contains a much higher density
of electron traps (probably oxygen vacancies), and the

resistance change is caused by the trapping and detrapping
of electrons. In this structure, an asymmetric potential
barrier of traps (Uasym) with respect to bias direction, as
shown in Fig. 9(a), is presented. When a negative bias is
applied, the injected electrons from the top electrode are
easily trapped due to the presence of Uasym. At the trap
filling limit voltage, all the traps are filled with electrons
and a sudden current jump, which corresponds to set
switching, is observed. When a positive bias was applied
and reached a reset voltage, the trapped electrons start to
escape to the top electrode, resulting in a high resistance
state. This is because Uasym does not act against the
detrapping process under a positive bias.

In this electronic switching scheme, the position of the
switching layer and the density of traps can be arbitrarily
controlled electrically by tuning the filament shape and
following filament rupture process.61 As a result, various
bipolar switching configurations can be achieved within
the Pt/TiO2/Pt structure as shown in Fig. 10. This result
provides a new method of deriving the switching polarity
of memristors electrically, which suggests a new path for
the application of ReRAM.

Interestingly, the bipolar switching mediated by the
ionic migration of oxygen vacancies as well as the trap-
mediated electronic bipolar resistive switching occurs
in an almost identically prepared unipolar reset TiO2

sample. Although what determines the switching mode is
yet to be clarified, apparently it is highly correlated
with the oxygen vacancy concentration at the switching
region since each switching mechanism works in totally

FIG. 9. The upper panels show the schematic diagram of (a) high
resistance state and (b) low resistance state in top electrode Pt/TiO2�y/
TiO2�x/residual filament structure. The solid conical shape of (a) and (b)
represents the residual filaments. The gradient of shading at the TE Pt
side of (a) represents the supposed trap distribution; the higher the trap
density is, the darker the region. A conical filament is supposed with
a gray color. The lower panels show the corresponding band diagrams of
the switching region. (Figures reproduced from Ref. 54.)

FIG. 10. Various bipolar switching configurations depending on the
various electroforming process achieved within the Pt/TiO2/Pt structure.
(data reproduced from Ref. 61.)
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distinguishable conditions. Basically, an electronic bipolar
resistive switching happens in the condition where fluent
carrier injection into the conduction band of the insulator
is guaranteed, whereas an ionic bipolar resistive switching
occurs when a substantial Schottky potential barrier is
present at the electrode/insulator interface. Therefore,
electronic/ionic bipolar resistive switching occurs with
low (,;0.1 eV)/high (.0.2 eV) Schottky barrier height
due to the high/low oxygen vacancy concentration near
the electrode (.;1019 to 1020 cm�3). The corresponding
ionic bipolar switching was reported as follows.

While an electroformed Pt/TiO2/Pt cell goes through
unipolar reset, a bountiful amount of oxygen vacancies
are generated at the Magnéli (Ti4O7) filament ruptured
region due to the partial reoxidation of Ti4O7 toward
TiO2. Affected by the unipolar reset bias, these oxygen
vacancies are most likely to reside at the vicinity of the tip
of the filament, resulting in an effective microscopic
structure of Pt(Top electrode)/TiO2/TiO2�x/Ti4O7(Bottom
electrode). The remaining Magnéli filament is consid-
ered as the bottom electrode because it shows metallic
conduction with a stable vacancy-ordered phase, and
should be therefore intact during the subsequent bipolar
resistive switching. In the proposed effective microstruc-
ture, a bipolar set and reset occurs at negative and positive
bias, respectively, near the filament ruptured region.
Moreover, owing to the finite amount of oxygen vacancies
comprising the TiO2�x layer, a strong negative bias can
invert the oxygen vacancy configuration, and in turn,
bipolar resistive switching with the other operation
polarity is achieved with the effective microstructure of
Pt/TiO2�x/TiO2/Ti4O7. This was further supported by a
comparison study with a Pt/TiO2/TiO2�x/Pt cell, whose
TiO2�x layer was intended to have a much larger oxygen
vacancy concentration by inserting a thick Ti layer
between the TiO2 and Pt in the device fabrication process,
and therefore making the inversion of vacancy configura-
tion through electrical means virtually impossible. In both
devices, the high resistance state was fitted clearly to
Schottky conduction, which had not been the case in the
previously introduced electronic bipolar resistive switch-
ing case. The low resistance state, on the other hand, could
be described by local conduction through filaments con-
sisting of oxygen vacancies, and this was demonstrated
by the fact that no electrode area dependency was found
to exist for the resistance in the low resistance state.62

It is noteworthy that the bipolar resistive switching is
caused by the localized drift of oxygen vacancies, unlike
other material systems where the homogeneous migration
of oxygen vacancies over interfacial area is commonly
known as the main cause of this type of switching.3 In
addition, Yang et al. elucidated the mechanism for bipolar
resistive switching in a single crystalline TiO2 in the same
way, implying that the localized drift of oxygen vacancies
along the direction of electric field is highly probable to

occur, particularly in this type of material system, i.e.,
TiO2, even without favorable defect migration sites such
as grain boundaries.63 The results discussed above clearly
reveal the diversity of the resistance switching phenomena
in TiO2. Although this may induce some confusion and
dispute for the accurate understanding of the RS mecha-
nism in several other oxide systems, TiO2 actually pro-
vides a representative material system that can test the
diverse behaviors of any RS material.

VI. CONCLUSION AND OUTLOOK

In this review article, the intriguing and promising
electrical properties of TiO2 thin films as a high-k
dielectric layer for DRAM capacitors, requiring extremely
high level of insulating property with minimal density of
defects, and as a resistance switching layer for ReRAM,
relying upon the generation of high density of defects and
their percolation, are discussed. While the DRAM appli-
cation requires rutile-structured TiO2 films, of which the
value for dielectric constant is the highest among the
known binary oxides, TiO2 films for ReRAM actually
does not show a critical dependence on their phase. The
rutile TiO2 film can be obtained with the help of local
epitaxy with the substrate electrode, such as RuO2 or
IrO2, even at the temperature range where the ALD
process is possible (,;300 °C) which is inevitable for
the high integration density of DRAM as well as
ReRAM. The already high insulating properties of the
TiO2 material are even further strengthened by doping
the material with Al2O3, which slightly sacrifices the
very high-k value of the rutile TiO2 while maintaining its
rutile structure. ReRAM application of TiO2, on the other
hand, requires an electroforming step, which actually
forms a lot of defects in the material in a controlled
manner.

Fabricating mass-production compatible memory de-
vice heavily depends on the materials functionality and
performance. An easy and economical fabrication process
is as important as the material’s functionality with that
regard. The ALD processes of TiO2 are highly developed,
and no obvious difficulties are expected at this moment.
Therefore, it is very possible that TiO2 or TiO2-based
materials will be adopted in the above-mentioned devices.
However, several issues still remain to be cleared out for
these applications before these devices are available in
everyday life. The reliability of the dielectric and re-
sistance switching performances of the TiO2 films is one of
the most critical issues yet to be cleared. Despite such
difficulties, there are a great deal of research efforts and
developments going on all over the world, which will
facilitate solving these issues and problems andmake TiO2

an essential material in solid state memory devices of the
future.
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