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The resistive switching mechanism of 20- to 57-nm-thick TiO2 thin films grown by atomic-layer
deposition was studied by current-voltage measurements and conductive atomic force microscopy.
Electric pulse-induced resistance switching was repetitively �� a few hundred times� observed with
a resistance ratio �102. Both the low- and high-resistance states showed linear log current versus
log voltage graphs with a slope of 1 in the low-voltage region where switching did not occur. The
thermal stability of both conduction states was also studied. Atomic force microscopy studies under
atmosphere and high-vacuum conditions showed that resistance switching is closely related to the
formation and elimination of conducting spots. The conducting spots of the low-resistance state
have a few tens times higher conductivity than those of the high-resistance state and their density is
also a few tens times higher which results in a �103 times larger overall conductivity. An interesting
finding was that the area where the conducting spots do not exist shows a few times different
resistance between the low- and high-resistance state films. It is believed that this resistance change
is due to the difference in point defect density that was generated by the applied bias field. The point
defects possibly align to form tiny conducting filaments in the high-resistance state and these tiny
conducting filaments gather together to form stronger and more conducting filaments during the
transition to the low-resistance state. © 2005 American Institute of Physics.
�DOI: 10.1063/1.2001146�

I. INTRODUCTION

The resistance switching behavior of several oxide and
chalcogenide thin-film materials recently attracts great inter-
est for the application in nonvolatile memory elements in
semiconductor memory devices.1 Apart from random access
memories using phase change material �PcRAM� where a
large reset current hinders high-density integration, the resis-
tive switching RAM �ReRAM� without a phase change of
the material offers the possibility of very high density inte-
gration and lower power operation. In addition, the
resistance-change-based RAMs are believed to be more free
from the inherent scaling problem than the capacitance-based

RAMs, such as dynamic RAM �DRAM� and ferroelectric
RAM �FeRAM�.1,2 There have been many different sugges-
tions for materials showing resistance switching by electric
pulses without phase change.3–6 Here, “phase change” means
the complete change in the phases of the switching materials
between amorphous �usually high-resistance state� and crys-
talline �usually low-resistance state� by a heat pulse. The heat
pulses are usually produced by electric current flow in the
solid-state device. Colossal magnetoresistive switching ma-
terial, such as �Pr,Ca�MnO3,3,4 systems with electromigration
of metallic ions into a nonconducting chalcogenide glass ma-
terial, such as the Ag–GexTey system,5 and electric pulse-
induced threshold switching in other chalcogenide glass ma-
terials, such as the Ge2Sb2Te5 system,6 are some examples
for ReRAM devices. Bulk and thin films of transition-metala�Electronic mail: cheolsh@plaza.snu.ac.kr
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oxides, such as NiO,2,7 TiO2,8 SrZrO3,9 and even SiO2,10 are
also known to show a resistive switching behavior. However,
the switching mechanisms are still unclear although the
switching behavior itself has been clearly observed and
many physical and theoretical models, including band bend-
ing by charge trapping11 and the change in the oxidation state
of the cations,12 have been suggested. One of the reasons for
such an unknown mechanism is the poorly defined material
quality in earlier times.

The other factor that has to be considered for the appli-
cation of resistive switching material into RAMs is the
physical thickness of the films. As the device size scales
down to the sub-100-nm region, the film thickness must be
less than a few hundred nanometers or otherwise the device
fabrication becomes difficult. Film thickness scaling is also
important for guaranteeing low-voltage ��1 V� operation of
the device which is essential for mobile applications where
nonvolatile memories are mostly adopted.

Therefore, this study investigated the resistive switching
behavior of atomic-layer-deposited �ALD� TiO2 films with a
well-controlled quality which was obtained by the inherent
nature of the fabrication process, i.e. the self-limiting prop-
erty of the ALD process. The film thickness was between 20
and 57 nm which is appropriate for highly integrated device
fabrication as well as low-voltage operation.

II. EXPERIMENTAL PROCEDURES

TiO2 thin films were grown by ALD using Ti�OC3H7�4

and O3 as precursor and oxidant, respectively, at a wafer
temperature of 250 °C on a Ru/SiO2/Si wafer. Ru thin films
of 50-nm thickness were deposited by sputtering. The TiO2

film thickness was changed from 20 to 57 nm by changing
the number of deposition cycles. The grown films have a
polycrystalline microstructure with a rutile crystal structure.
The TiO2 films have a dielectric constant of approximately
70 and good insulating properties. Details of the film growth
process and film characterization results were previously
reported.13 After TiO2 film deposition, Pt and Al top elec-
trodes with a diameter of approximately 300 mm were fab-
ricated by electron-beam evaporation through a metal
shadow mask. During the electrical measurements of resis-
tive switching, the Ru bottom electrode was grounded and
the bias voltage was applied to the top electrode, In the fol-
lowing, the electrical measurements using these pad-shaped
electrodes are called pad current-voltage �I-V� measure-
ments. The Pt/TiO2/Ru capacitors showed the resistive
switching behavior irrespective of the bias polarity on the Pt
top electrode. However, the Al/TiO2/Ru capacitors showed
the switching behavior only when positive bias was applied
to the Al top electrode. The reason for this electrode-
dependent bi- or unipolar switching behavior seems to be the
oxygen permeation through the top electrode, and more de-
tails will be reported separately. Meanwhile, the switching
behavior of the Al/TiO2/Ru capacitors under positive bias
was almost identical to that of the Pt/TiO2/Ru capacitors.
Resistive switching was tested using the Hewlett Packard

4155 semiconductor parameter analyzer or the Aixacct TF
2000 analyzer with ferroelectric module at measurement
temperatures ranging from 30 to 110 °C.

Local conductivity measurements were made using two
atomic force microscopy �AFM� systems with conductive
tips �CAFM� at room temperature. The two AFM systems,
operated under atmospheric pressure �SEIKO, SPA400, Au-
coated tip� and high vacuum �10−7 Torr� �JEOL JSPM 4210,
Ptlr-coated tip�, respectively, were used to investigate the
difference between the conduction properties of the high-
and low-resistance states. For the CAFM measurements,
some of the Al/TiO2/Ru capacitors were switched either to
the high- or low-resistance state by applying a proper bias
voltage and the Al top electrodes were etched away by a
nitric acid solution. Then the film surface morphology and
local conductivity of TiO2 films in the high- and low-
resistance states below the Al electrodes were investigated.
During the CAFM measurements, the bottom Ru electrode
was grounded.

III. RESULTS AND DISCUSSIONS

A. Macroscopic results from the pad I-V
measurements

The resistance per unit area �1 cm2� of the as-deposited
films was approximately 109 � in the voltage region from
�1 to 1 V, which is the intended device operation voltage
range, and the films did not show any resistive switching
behavior. Therefore, a rather high bias voltage �2.0–2.5 V for
the 57-nm-thick TiO2 sample� was applied to the capacitors
in order to make the films less resistive ��106 � at 1 V�.
During this initial bias application process, the leakage cur-
rent suddenly increased �soft breakdown� to a certain limit-
ing value �a few tens milliampere�. If the suddenly increased
current was too high ��0.07 A� the capacitors were hard
broken down and became useless. Therefore, setting a proper
current limit �current compliance� was crucial.

Figure 1�a� shows a typical current density versus volt-
age �J-V� curve of a 57-nm-thick TiO2 film with Pt elec-
trodes. After the initial soft breakdown �first measurement�,
the film remains in the low-resistance state �LRS� so that J
under both positive and negative bias shows a high value
�50 A/cm2 at 0.5 V�. With increasing voltage the current
density increases and then suddenly drops to a very low
value at a certain voltage �Voff� during the second measure-
ment. Then, the third J-V measurement shows the high-

FIG. 1. �a� Typical current density vs voltage �J-V� curve of a 57-nm-thick
TiO2 film with Pt electrodes. �b� J-V curve under positive and negative
biases.
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resistance state �HRS� where J at 0.5 V is approximately
10−2 A/cm2. Figure 1�b� shows that switching occurs under
both polarities. For further increase in V, typically up to 1.5
V, HRS is maintained but then at the higher voltage �Von� J
suddenly increases to the current compliance value again and
LRS is recovered. Voff is always smaller than Von. This is
how resistance switching was observed. When V is limited to
far less than Voff, LRS and HRS were not disturbed up to at
least a few hundreds readings and the data retention time at
room temperature is more than a few hundreds hours. Resis-
tive switching was also repeatedly observed at least a few
hundreds times.

In order to understand the leakage conduction mecha-
nism in the LRS and HRS, the J-V curves of the 57-nm-thick
film are plotted on a logarithmic scale, as shown in Fig. 2.
Here, out of 20 measurements the results from the 8th to the
14th sweep �positive bias sweeps� are shown in the low-
voltage ��1.1 V� region. It can be clearly observed that the
LRS �upper graphs� shows linear log J vs log V graphs with
a slope of 1 up to Voff, which is 0.8–1.0 V in Fig. 2, whereas
the HRS �lower graphs� shows linear behavior only in the
low-voltage region ���0.5 V�. It has to be noted that the
linear J-V curve does not necessarily mean that the conduc-
tion is “Ohmic.” The current density of the HRS shows an
almost exponential increase with V in the high-voltage re-
gion ��0.5 V� until Von, above which a super exponential
increase in J was observed �not included in Fig. 2�. It should
be noted that there is a subtle difference between the switch-
ing from LRS to HRS and from HRS to LRS. The LRS
retains its conductivity immediately up to Voff before switch-
ing occurs but the HRS has a conductivity similar to the LRS
before switching to the LRS. This behavior gives some clue
to understanding the nature of resistance switching.

In Fig. 2, different bias conditions were chosen to show
the switching and sensing processes. For example, during the
eighth measurement, the sample was in the HRS and the
voltage was limited to 1.1 V so that switching to the LRS did
not occur although the current density already deviated from
the linear behavior in the voltage region of 0.5 V�V
�1.1 V. The ninth measurement shows an almost identical
J-V curve in the V region �1.1 V, but this time the voltage
was increased up to 2 V so that the sample switched to LRS
and the tenth measurement shows a high J level.

From the J-V measurement results given above, the fol-
lowing can be assumed for the switching phenomenon in
these TiO2 films. First, it has to be noted that the contact
between the TiO2 film, generally being regarded as an n-type
wide-band-gap semiconductor due to the oxygen vacancies,
and the metals such as Pt and Ru, which have a large work
function �5.5 and 5.1 eV, respectively�, is blocking so that a
linear electrical conduction behavior in the low-voltage re-
gion cannot be observed. Therefore, the occurrence of linear
conduction in both states suggests that there is a certain
structural change in the TiO2 film that can create some linear
and highly conducting paths.

One of the probable models for the formation of linear
conducting paths is the formation of conducting filaments
throughout the insulating film.14 The conducting filament is
one of the specific forms of extended defects in insulating
ionic crystals.15 Since the conducting filaments are of metal-
lic or metal-like nature, linear conduction can be observed in
the J-V measurements once they extended throughout the
TiO2 film.

Szot et al. showed that there are many extended defects,
especially along the grain boundaries of polycrystalline
samples, in Ti-containing ionic crystals, such as TiO2,
SrTiO3, and PbTiO3 using conductive AFM measurements.15

The extended defects show a local conductivity more than a
few orders of magnitude higher than the rest of the insulating
material. They also found that even single crystals could
show the extended defects especially under a local high elec-
tric field applied by the AFM tip. This may be due to the
relatively easy transition of the oxidation states of Ti ions in
the ionic crystals. The Ti–O binary phase diagram16 shows
that there are many intermediate phases �TinO2n−1, so-called
Magnelli phases in addition to Ti2O, TiO, Ti2O3, Ti3O5, and
TiO2�. When ionic oxide crystals, such as TiO2, are reduced
�oxygen vacancies are formed�, conduction electrons are si-
multaneously released in order to maintain the total charge
balance. These conduction electrons can be rather localized
around the reduced Ti ions centers �or oxygen vacancies� due
to the weak Coulombic interaction.

When the bias voltage was applied to the top electrodes,
the oxygen ions in the TiO2 thin film were influenced by the
high electric field �a few hundreds kV/cm� and began to
move. There is few evidence for the oxygen ion movement
under a high electric field even at room temperature. The
thin-film Pt electrode is well known to have a high oxygen
mobility in it17 so that the release of oxygen ions from TiO2

to the atmosphere or the incorporation of the oxygen ions
from the atmosphere in the TiO2/Pt interface must be fast
and active. This is basically due to the nonoxidizing property
of Pt which guarantees easy movement of oxygen ions or
atoms along grain boundaries. In contrast to this, Al oxidizes
so easily that the permeation of oxygen through the Al thin-
film electrode is almost impossible at room temperature.
Now, it has to be remembered that resistance switching with
an Al top electrode was only possible under positive bias.
Under this condition, O2− ions in the TiO2 thin film were
pulled into the Al electrode and oxidized it. It was observed
that the Al electrode was actually oxidized during positive
bias application but no change in the physical state of the Al

FIG. 2. J-V curves of a 57-nm-thick film plotted in logarithmic scale.
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electrode was observed when a negative bias was applied.
This was confirmed by wet-etching experiments; when an
excessively high positive bias with a long duration was ap-
plied to the Al electrode �actually oxidized Al electrode�, it
did not dissolve into the nitric acid whereas the mildly posi-
tively biased, negatively biased, and nonbiased electrodes
completely dissolved into the same acid.

The change in the oxidation state of Ti ions in SrTiO3

single crystals by an applied electric field �a few tens of
kV/cm� at elevated temperatures ��500 °C� has been re-
ported by He et al.18 It seems that the excessively high elec-
tric field in the thin-film experiments made the oxygen ions
move even at room temperature.

Therefore, it is believed that the changes in the chemical
state of the TiO2 films during the resistance switching mea-
surements take place as follows. During the first application
of a high positive voltage to the as-deposited samples, a large
number of O2− ions are pulled into the electrode and oxygen
vacancies are formed. When negative bias is applied, the O2−

ions are pushed away from the top electrode interface and
maybe diffuse out to the atmosphere along the top electrode/
TiO2 interface. For a Pt electrode this interface diffusion
might be fast enough, but for an Al electrode the strong
interaction between Al and oxygen ions may make the inter-
face diffusion difficult.

At a certain high voltage, such generated defects might
align to form filamentlike throughout the film, forming a
local conducting path. The filament formation might be trig-
gered at a certain point �local protrusion or defective site� at
the elecrode/TiO2 interface. Once the paths are formed the
current flow concentrates on these local paths and the con-
ducting paths grow very fast due to local heating by the
concentrated current flow. This corresponds to the switching
from HRS to LRS. The destruction of the filaments �switch-
ing from LRS to HRS� is believed to be accomplished by the
thermal rupture of the filaments, i.e., by the heat produced by
the large current flow.

Although the nature of the conducting filaments is not
clearly known at this moment, it is clear that the formation
and destruction of the filaments have a close relationship
with local heating effects as shown below.

Figure 3 shows the variation of the J-V curve of the HRS
with the measurement temperature in the voltage region with
linear conduction. These measurements were actually per-
formed to confirm the metallic conduction nature of the state
�increasing resistance with increasing temperature�. How-
ever, the results are very contradictory to the expectation;
when the measurement temperature increases to only 50 °C,
the conductivity drops by more than four orders of magni-
tude in the whole voltage region, and shows a scattered leak-
age behavior with increasing temperature. The scattered J in
such a low-voltage region is due to measurement noises. It
is believed that most of the conducting filaments that main-
tain the low conductivity in the HRS are destroyed by the
heating of the samples and the sample looses its electrical
conductivity.

The LRS conductivity was also influenced by the mea-
surement temperature but it was more stable than the HRS,
as shown in Fig. 4. Figures 4�a�–4�c� show the J-V curves of
the LRS sample at measurement temperatures of 50, 70, and
110 °C, respectively. It can be observed that the high conduc-
tivity was stably maintained up to 90 °C �data not included in
Fig. 4� but began to be disturbed at 110 °C. This means that
the difference between the conductivities of the LRS and
HRS is not simply due to the difference in the number of
conducting filaments. The filaments themselves in the LRS
and HRS appear to be different; filaments in the LRS are
more immune to thermal disturbance and more conducting
than those in the HRS. It is not believed that the types of the
defects that form the filaments in the LRS and HRS are dif-
ferent, but the degree of correlation between the defects is
different. This was confirmed by the CAFM results as shown
later. The difference in the thermal stabilities of the LRS and
HRS is also observed in the retention behavior of the two
samples, as shown in Fig. 5. Figure 5 shows that the resis-
tance of both states, LRS and HRS, increases with time even
at room temperature. The increase rate of the HRS is 5.2
times faster than that of the LRS, again suggesting that the
conducting filaments of the LRS are more immune to ther-
mal disturbance than those of the HRS even at room tem-
perature. Therefore, investigation of the conducting spots on
the film surface under the Al electrode was performed using
a CAFM.

Before, the results from the nanoscale investigations are
discussed, and the TiO2 film thickness-dependent resistance
is described. Figures 6�a� and 6�b� show the variation in the
resistance of the HRS and LRS, respectively, as a function of

FIG. 3. Variation of the J-V curve of the high-resistance state with the
measurement temperature in the voltage region with linear conduction.

FIG. 4. J-V curves of samples in the low-resistance
state at measurement temperatures of �a� 50, �b� 70, and
�c� 110 °C.
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the TiO2 film thickness. Here, the resistance was measured at
0.5 V. If the conduction mechanism is strictly “Ohmic” the
resistance should be linearly dependent on the film thickness.
The LRS and HRS resistances indeed increase with film
thickness. However, the HRS shows a superlinear depen-
dency �film thickness increases by 2.85 times but the resis-
tance increases by almost 10 times� whereas the LRS shows
a sublinear dependency �film thickness increases by 2.85
times but the resistance increases by only 1.2 times�. This
suggests that the electrical conduction is not simply mediated
by purely Ohmic conducting filaments. The interface be-
tween the filaments and the electrodes may still play some
role. The x-ray photoelectron spectroscopy study �XPS� of
the LRS and HRS TiO2 films did not show any difference in
the binding status of the Ti and oxygen ions. This might be
due to the small surface area ratio of the conducting spots on
both samples.

B. Nanoscale investigation using conductive atomic
force microscopy

CAFM appears to be one of the best experimental tools
to investigate the local conductivity of dielectric thin films
considering the restricted interaction area of the tip and film
surface. However, if the conducting spot area is comparable
or smaller than the effective area of the tip-surface interac-
tion, the interpretation of the measurement results becomes
complicated due to convolution- and multiple-measurement
effects. These effects will be explained in detail later. Fur-

thermore, the effective tip area that is responsible for the
electrical contact with the surface depends on many param-
eters, such as the tip material, radius, force, contamination,
etc., so that it is usually difficult to define the precise tip-
surface interaction area. Therefore, the determination of the
absolute area of the conduction spots was not pursued but the
relative area ratio of the conducting spots in the LRS and
HRS was investigated. The sharp shape of the tip may en-
hance the local electric field so that the current density mea-
sured by the CAFM could be larger than the current density
from the pad I-V results. Therefore, quantitative understand-
ing of the CAFM results and their comparison with the pad
I-V results required a careful consideration and several rea-
sonable assumptions on the interaction between the tip and
film surface should be made. However, from these results,
the differences between the properties of the conducting
spots of the two states were better understood. For this pur-
pose, two CAFMs operated under high vacuum �HVAFM�
and atmospheric pressure �APAFM�, which are believed to
have different tip-surface interactions, were used in this
study.

Figures 7�a� and 7�b� show the conductivity mapping
results of the LRS and HRS TiO2 films, respectively, using
HVAFM where the bright spots represent conducting spots.
Here, �1 V was applied to the tip during the measurements.
The AFM indeed shows that there are many conducting spots
on the TiO2 films with a higher density in the LRS. Although
the presence of the conducting spots qualitatively confirms
the filament model for resistive switching, a quantitative
comparison of the CAFM data with the pad I-V measurement
results shows many discrepancies.

First, the total current densities measured by the pad
I-V and HVAFM are compared. The pad I-V measurements
show that the LRS and HRS have current densities 48 and
0.038 A cm−2 at �1 V, respectively, which correspond to a
current ratio of approximately 1300. The total current per
area at the same voltage from the HVAFM can be obtained
by statistically treating the data shown in Figs. 7�a� and 7�b�.

Figures 8�a� and 8�b� show the distribution of the num-
ber of conducting spots as a function of the current at each
spot for the LRS and HRS, respectively. The integrated area
of the two graphs corresponds to the total current measured
by HVAFM. A few notable facts were found; first, the total
current densities from the HVAFM are 1250 and
200 A cm−2, for the LRS and HRS, respectively. Therefore,
the current density ratio is only 6.25. This is a much smaller
value than that of the pad I-V results. Second, the total cur-

FIG. 5. Retention behavior of samples in the low- and high-resistance states,
respectively. The resistance of both states increases with time even at room
temperature.

FIG. 6. Variation in the resistance of the �a� low- and �b� high-resistance
states as a function of the TiO2 film thickness measured at 0.5 V.

FIG. 7. Conductivity mapping results of the �a� low- and �b� high-resistance
state TiO2 films, using HVAFM. The bright spots represent the conducting
spots.
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rent density of the HVAFM is 26 and 5263 times higher than
that of the pad I-V results for the LRS and HRS, respectively.
In order to understand such a large discrepancy, the HVAFM
data were carefully investigated. Figures 8�a� and 8�b� show
that the most probable current values per AFM measurement,
where the nominal contact area per measurement is �50 nm2

��1800 nm/256�2�, are approximately 620 and 100 pA for the
LRS and HRS, respectively. These values correspond to a
current density of 1240 A cm−2 �620 pA/50 nm2� and
200 A cm−2 �100 pA/50 nm2� for the LRS and HRS, respec-
tively, which are much larger than the pad I-V result. It is
believed that the most probable current value corresponds to
the current through the nonconducting parts of the films be-
cause most of the area remains insulating �Figs. 7�a� and
7�b��. Therefore, it is believed that the sharp shape of the
CAFM tip largely enhanced the local electric field and thus
thermionic emission or tunneling occurred at the tip-surface
interface even at 1 V. It has to be noted that the pad I-V
measurement showed that the current flow is almost linearly
dependent on V, suggesting that most of the current flows
only through the conducting spots. The nonlinear conduction
characteristics of the HVAFM measurement are actually con-
firmed by its I-V curves shown in Fig. 9 which show the
log I vs log V curves of a typical nonconducting and con-
ducting spot of the LRS and a conducting spot of the HRS.
The slopes of the graphs in the high-voltage region

��0.8 V� are approximately four, suggesting that the current
flows by a leakage mechanism such as Schottky emission or
tunneling. The study on the details of the conduction mecha-
nism will be a topic of next research. Therefore, it can be
understood that the much larger total current density of the
HVAFM compared to the pad I-V results in both states, LRS
and HRS, is due to the large leakage current through the
nonconducting area owing to the sharp tip-shape-induced lo-
cally enhanced electric field. It is interesting to note that the
HVAFM I-V characteristics of the conducting spots are not
linear either. This suggests the following fact. When the
HVAFM tip contacts the conducting spots, the tip-surface
contact area is much larger than that of the cross-section area
of each conducting filament so that a large portion of the
current still flows through the nonconducting area around the
filaments. Therefore, the current through the nonconducting
part should be subtracted from the total current that was mea-
sured from the area that contains the conducting filaments in
order to compare the HVAFM results to the pad I-V results.

When the distributions of the measured current values at
each point, shown in Figs. 8�a� and 8�b�, were carefully in-
vestigated, it was found that the number of spots that have
current values similar to the most probable one drops down
abruptly and there are only a few tens and a few spots which
show distinctively larger current values for the LRS and
HRS, respectively. These are believed to correspond to the
conducting spots. Their number distribution over the current
value after subtracting the most probable current at the re-
spective state is shown in the inset figures of Figs. 8�a� and
8�b�. Now, the current values obtained from the integration
of the inset graphs should correspond to the total current
only through the conducting filaments in the LRS and HRS.
These total current densities are 6.1. and 0.0076 A cm−2 for
the LRS and HRS, respectively. The total current-density ra-
tio is approximately 800 which is quite close to the ratio
from the pad I-V measurements �1300�. However, the current
densities are almost eight �48 A cm−2 vs 6.1 A cm−2� and
five �0.038 A cm−2 vs 0.0076 A cm−2� times smaller than
those from the pad I-V results at their respective states. This
can be understood from the fact that the conducting filament
ends that were exposed to the wet-etching solution for the
electrode removal or to air after the electrode removal might
be contaminated, which results in a relatively poor electrical
contact between the HVAFM tip and the filaments. However,
the quantitative agreement between the current-density ratio
of the HVAFM and the pad I-V results strongly suggests that
resistive switching of TiO2 films has a close relationship
with the formation and modification of conducting filaments
by an applied electrical field. The inset figures of Figs. 8�a�
and 8�b� show that the conducting filament density ratio be-
tween the LRS and HRS is approximately 33. Therefore, the
conductivity ratio �k� of the filaments of the LRS and HRS is
approximately 24.3 �800/33�.

The third point that has to be noted from the HVAFM is
the difference of the most probable current values of the LRS
and HRS. As mentioned earlier, these values represent the
current values through the area where no conducting fila-
ments were formed. However, they are still almost six times
different, suggesting that even the nonconducting area of the

FIG. 8. Distribution of the number of conducting spots as a function of the
current at each spot for the �a� low- and �b� high-resistance states measured
by HVAFM. The inset figures show the rectified distributions after subtract-
ing the most probable current.

FIG. 9. I-V curve in logarithmic scale of a typical nonconducting, a con-
ducting spot of the low-resistance state, and a conducting spot of the high-
resistance state.
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LRS is more conducting than that of the HRS. The higher
emission or tunneling leakage current through an insulating
film implies that the point defect density is higher.19,20 This
suggests the following mechanism for resistive switching;
when a high voltage is applied to the TiO2 film, many point
defects �probably oxygen vacancies� are formed and at a cer-
tain voltage �Von� these defects gather together to form the
extended defects �conducting filaments�. It is also considered
that several noncomplete filaments �not extended throughout
the whole film thickness� are formed in the nonconducting
area and that they contribute to the leakage current.

Spectroscopic analysis using XPS of the films with two
states did not show any difference as discussed earlier. It was
noted that the point defect density as high as 1019 cm−3,
which is a high enough value to influence the resistances of
the area without conducting filaments, is still less than 1% of
the total ionic concentration of TiO2. This may constitute the
reason for no observable difference in XPS. Therefore, un-
fortunately the assumption regarding the point defects cannot
be confirmed by any spectroscopic means at this moment.

This understanding is not only important for the under-
standing of the switching mechanism but also for the practi-
cal application of the material to memory devices. It was
noted from the HVAFM results shown in Figs. 7 and 8 that
only a few tens of filaments are formed in a few �m2. There-
fore, it can be easily imagined that when memory devices
with a feature size of �100 nm are fabricated, most of the
switching elements do not contain conducting filaments.
Therefore, the resistance switching must depend on the re-
sistance change of the nonconducting area and not on the
formation and destruction of the filaments. Then the switch-
ing signal margin may not be �1000 but �5, which is still
big enough for a stable memory operation.

The current measurements using APAFM enabled a bet-
ter understanding of the nature of the conducting filaments
and the resistive switching behavior of TiO2 films. It is be-
lieved that the APAFM worked with a much larger tip-
surface interaction area due to more and larger contaminants
on the tip and film surface. If the effective interaction area is
larger than the nominal probing area of each measurement
��500 nm/128�2�15 nm2�, the current flow through each
measurement area multiply contributes to the total current
�multiple effect�. Similarly, if the distance between the con-
ducting spots �filaments� is smaller than the effective contact
diameter �deff�, one measurement convolutes many filaments.
These effects are schematically shown in Fig. 10. They were
not considered for the HVAFM since the effective contact
area was not believed to be significantly larger than the
nominal contact area and the effective contact diameter was
smaller than the distance between the filaments. Therefore,
the APAFM results may not be useful to investigate the con-
ducting filaments that were formed by the pad I-V tests.
However, as shown below, the APAFM results were found to
be useful to understand the dynamics or change of the fila-
ments during voltage application.

Figures 11�a� and 11�b� and show the distribution of the
number of conducting spots as a function of the current at
each spot for the LRS and HRS, respectively, using APAFM.
As done for the HVAFM case, the total current density and

most probable current value are calculated using the data in
Fig. 11 and are 16 400 and 6600 A cm−2 and 1000 and 400
pA for the LRS and HRS, respectively. The total current
density ratio is approximately 2.5 which may result from the
field-enhancement, multiple, and convolution effects. First,
in order to exclude the leakage current through the noncon-
ducting area due to the field-enhancement effect, the most
probable current was subtracted from the current data in Fig.
11 and the high current tail parts of the graphs are shown in
the inset figures in Fig. 11, as done for the HVAFM case.
Now, the current values calculated by the integration of the
inset graphs are 2300 and 23.6 A cm−2 for the LRS and
HRS, respectively, and the ratio is approximately 100. This
value is still much smaller than that from the pad I-V �1300�
and HVAFM �800� results. The current value itself is 48
�2300/48� and 620 �23.6/0.038� times larger than that from
the pad I-V results for the LRS and HRS, respectively. It
should be noted that such large current values were obtained
even after the subtraction of the background leakage current
through the nonconducting area around the filaments. The
log I-log V curves of the APAFM also show a slope �1
��6�, suggesting that the field-enhancement effect is also
occurring in this case. Therefore, the reason for this discrep-
ancy must be found from the multiple and convolution ef-
fects, considering the larger tip-surface interaction area.

In order to confirm the involvement of these effects, the
most probable current value is carefully considered. If the
most probable current flows through one nominal measure-
ment area, then the current densities are approximately
6700 A cm−2 �1000 pA/15 nm−2� and 2700 A cm−2

FIG. 10. Schematic of the multiple effect for the �a� 1ow-resistive state and
�b� high-resistive state. �c� shows a schematic of the convolution effect for
the high-resistance state considering the larger tip-surface interaction area in
the case of APAFM.

FIG. 11. Distribution of the number of conducting spots as a function of the
current at each spot for the �a� low- and �b� high-resistance states measured
by APAFM. The inset figures show the rectified distributions afer subtract-
ing the most probable current.
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�400 pA/15 nm−2� for the LRS and HRS, respectively,
which are 5.4 and 13.5 times higher than that of the HVAFM.
Therefore, in most measurements of the APAFM, the current
flow through a much larger area and the total current are
overestimated as many times as the ratio of the effective
contact area to the nominal measurement area.

The current overestimation by the multiple effect can be
rather easily formulated into equations by considering the
following fact. The conducting spots are assumed to have a
circular cross section with a radius of rLRS for the LRS. It can
be assumed that the electrical contact between the tip and the
conducting spot is made whenever the tip gets into the cir-
cular area having a radius of �rLRS+deff�, see Fig. 10�a�. For
the pad I-V measurements the current flows only through the
conducting filaments and no multiple and convolution effects
are involved. Therefore, the measured current ratios between
the pad I-V and APAFM of the LRS �ILRS

P / ILRS
A� and HRS

�IHRS
P / IHRS

A� are given as Eqs. �1� and �2�, respectively, if
only the multiple effect is involved;

rLRS
2

�rLRS + deff�2 =
ILRS

P

ILRS
A . �1�

rHRS
2

�rHRS + deff�2 =
IHRS

P

IHRS
A . �2�

Here, it is assumed that the distance between the filaments is
much larger than the effective tip diameter so that no convo-
lution effects are considered and no additional filaments are
produced during the measurements.

The ILRS
P / ILRS

A and IHRS
P / IHRS

A are 48−1 and 620−1 so
that rLRS/rHRS is calculated to be approximately 4 �area ratio
of 16� using Eqs. �1� and �2�. If the specific conductivities of
the filaments in LRS and HRS �conductivity per unit cross-
section area of the filament� are the same, the conductivity
ratio of the filaments of the two states must be 16. In order to
confirm the validity of this number the following comparison
is made.

The inset figures in Fig. 11 show that the number ratio of
the highly conducting spots �containing the filaments� is ap-
proximately 40 so that the average conductivity ratio from
the APAFM �k�� of each of the conducting spots in LRS and
HRS should be approximately 2.5 �100/40�. It has to be
noted that the average conductivity ratio from the HVAFM
�k� should not be used for this comparison because the
APAFM measurement itself modifies the density and distri-
bution of the filaments as shown later.

This suggests that the specific conductivity of the fila-
ments in the HRS should be larger than that of the LRS if the
area ratio is 16 as discussed above. However, this looks un-
reasonable considering the better thermal stability �shown in
Figs. 3 and 4� of the LRS filaments. It can be reasonably
assumed that the filaments are formed by the alignment and
connection of point defects during applied bias. Therefore, a
different model for the distribution of the conducting fila-
ments is necessary to explain the APAFM results.

Before this new model is discussed, the viability of the
APAFM current distribution shown in the inset figures of
Fig. 11 is confirmed by the following. If the number and

conductivity ratios of the conducting filaments in both states
are known, the product of these two ratios must correspond
to the current-density ratio from the pad I-V measurement.
Now, for the APAFM measurements, the number ratio is 40
�161 for LRS and 4 for HRS from the inset figures of Figs.
11�a� and 11�b��. The conductivity ratio �k� of the filaments
in the two states was 24.3 obtained from the HVAFM. There-
fore, the product is 960 which is close to the pad I-V result
�1300�, suggesting the valid estimation of the number of con-
ducting spots shown in Fig. 11 for the APAFM. It should be
noted that k, not k�, was used here. This is done because the
conductivity of one filament in the HRS was increased dur-
ing the APAFM measurements due to the large current flow
compared to the HVAFM, as shown below, and thus k� does
not represent the original conductivity ratio of the two states.
However, the pad I-V current ratio must be derived from the
product of the number ratio and the original conductivity
ratio of the filaments of the two states.

It was found that the conduction states of the films were
influenced during the APAFM measurements; more filaments
were generated due to the excessive current flow during the
APAFM measurements. This could be confirmed by the re-
peated APAFM measurements of the same area; in the sec-
ond measurement the conductivity of the film was increased.
This change was substantial in the case of HRS but LRS
showed a relatively small change. Therefore, it can be as-
sumed that the filaments of the LRS are negligibly influenced
by the APAFM measurements. In addition, they are suffi-
ciently distant from each other considering the HVAFM re-
sults �Fig. 7�. Therefore, only multiple effects should be con-
sidered for the LRS film in the APAFM measurement, and,
thus, Eq. �1� is still valid for the LRS.

Now, the correlation between the pad I-V and APAFM
results of the HRS becomes rather complicated due to the
generation of additional filaments during the APAFM mea-
surements. However, it was noted that the additional fila-
ments must be generated near the preexisting filament due to
local heating by the current flow through the preexisting fila-
ment. Therefore, it can be reasonably assumed that the cur-
rent contributing to each APAFM measurement for HRS
flows through n filaments with a radius of rHRS, which locate
nearby each other. When the average radius of the area
where the n HRS filaments bundle is rHRS� �Fig. 10�c��, Eq.
�3� can be written as the relationship between the pad I-V
current density �IHRS

P� and APAFM current density �IHRS
A�

for the HRS. Here, it is assumed that the distance between
the tiny filaments having a radius of rHRS within the bundle is
much smaller than the nominal tip moving distance between
each measurement and deff. This suggests that the APAFM
tip simultaneously contacts the n filaments or not at all at a
given measurement. It was considered that the partial contact
of some of the n filaments is not probable due to their small
distance. This is the reason why the interaction area is as-
sumed as having a diameter of �deff−rHRS�� and not �deff

+rHRS��. If the area was assumed as having a diameter of
�deff+rHRS��, then the partial contact would have to be taken
into consideration which renders the analysis too compli-
cated to be analytically treated.
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rHRS
2

n�deff − rHRS��
2 =

IHRS
P

IHRS
A , �3�

where n is the number of the filaments within the area with a
radius of rHRS�.

Now, one more equation, �Eq. �4��, can be set if k� is
expressed by using the APAFM data shown in Fig. 11 and
the model shown in Figs. 10�a� and 10�c�.

k� =
rLRS

2�LRS�rLRS
2/�deff + rLRS�2�

nrHRS
2�HRS�rHRS� 2/�deff − rHRS� �2�

. �4�

Here, �LRS and �HRS are the specific conductivities of the
filaments in LRS and HRS, respectively. The right-hand-side
term in Eq. �4� can be understood as the ratio of the conduc-
tivities of the LRS �rLRS

2�LRS� and HRS �nrHRS
2�HRS� mul-

tiplied by the probability that the tip actually touches the
filament in one measurement �rLRS

2 / �deff+rLRS�2 for LRS
and rHRS� 2 / �deff−rHRS� �2 for HRS� in APAFM. It was shown
that k� is approximately 2.5. Furthermore, the current ratio
from the pad I-V results of the LRS and HRS �R� can be
formulated as Eq. �5� using the umber of conducting fila-
ments in the LRS �M� and HRS �N� and their respective
conductivities.

R =
M

N

rLRS
2�LRS

rHRS
2�HRS

. �5�

It was noted that R and �M /N� are 1300 and 40, respectively.
After combining Eqs. �1� and �3�–�5�, rHRS� was calcu-

lated to be 1.2rLRS. This is a reasonable result considering
the area ratio of the conducting spots from the LRS and HRS
in the current mapping images using the APAFM �approxi-
mately same, data not shown�. Therefore, it can be under-
stood that the filament multiplication model, especially for
the HRS film, during the APAFM measurements is a reason-
able model and the change in the filaments during switching
from the HRS to LRS can be modeled as shown; when a bias
voltage �near Von� is applied to a HRS TiO2 film the current
begins to flow through the tiny filaments that are already
present in the film. Then the local heating near the filaments
enhances the movement of point defects in that area and this
forms a few more tiny nearby filaments. Finally, the en-
hanced current flow through all these bundled tiny filaments
further enhances the movement of the point defects and these
point defects may fill up the space between the tiny filaments
and eventually form a filament with a bigger diameter and
stronger correlation between the defects.

IV. CONCLUSION

In conclusion, the resistive switching behavior of
atomic-layer-deposited TiO2 thin films observed in macro-
scopic pad I-V measurements is closely related to conductive
filament formation during voltage application. When the film
changed from the initially highly insulating state to the state
in which resistive switching was possible, the overall resis-
tance fell off by approximately 106 times due to strong con-
ducting filament formation �low resistance state�. When the
low-resistance state switched to the high-resistance state, the
overall resistance increased by approximately 103 by the de-

struction of the strong filaments and formation of weaker and
less conductive filaments �high-resistance state�. The transi-
tion from the high-resistance state to the low-resistance state
appears to occur via a mostly two-step process; a few more
weak filaments are formed in the nearby area of preexisting
weak filaments and they gather together to form stronger and
better conducting filaments. During the switch back to the
high-resistance state the stronger filaments appear to disas-
semble and only a few weak filaments remain. All switching
events appear to have a close relationship with the heat pro-
duction accompanying the current flow. However, resistive
switching by formation and weakening of conductive fila-
ments may not be used when sub-100-nm scale memory de-
vices are fabricated with this material due to the relatively
low area density of the filaments. Rather than switching via
filament formation, where a resistance ratio of approximately
1000 was obtained, resistance switching of the area without
filaments, where the resistance ratio of approximately 5 was
obtained, should be utilized. The resistance change of the
area without conducting filaments might have something to
do with point defect generation but the exact mechanism is
not clearly understood yet.
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