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conductive path is thought to have the 
form of a fi lament with diameters esti-
mated to be between 10 and 100 nm. [ 10–12 ]  
The fi laments are not formed during the 
fabrication of the device. Instead, the as-
fabricated structures must go through 
a one-time conditioning process called 
electroformation that creates the fi la-
ment. [ 5,13 ]  In the case of TiO 2 , it is widely 
believed that the fi lament consists of one 
of the oxygen defi cient phases known 
as Magnéli phases with formula Ti  n  O 2– n   
(4 ≤  n  ≤ 36), all of which exhibit metallic 
conductivity. [ 2,3,14 ]  

 The interpretations of the electroforma-
tion and resistive switching phenomena 
summarized above are based on several 
elementary processes assumed to occur 
in the metal/insulator/metal (MIM) struc-
tures. The fi rst of them is the creation of 
oxygen vacancies in the functional layer 
under bias. The process is attributed 

to electrochemical redox reactions at the oxide/anode inter-
face. [ 2,13,14 ]  When a doubly positively charged oxygen vacancy 
is created in TiO 2 , two electrons are donated to the conduction 
band leading to an increase in its conductivity during electro-
formation. [ 13 ]  It is important to note that the creation of vacan-
cies in the accepted interpretation precedes current increase, 
i.e., they are expected to form as the result of the electric fi eld 
rather than Joule heating due to the current fl ow. The second 
elementary process is oxygen vacancy drift in the applied fi eld, 
leading to the accumulation of vacancies at the cathode. This 
is followed by the third important process: the reversible coa-
lescence and dissociation of vacancies into and from the sec-
ondary phase with well-defi ned phase boundaries. While there 
is ample evidence of the drift of oxygen vacancies at low tem-
peratures, [ 15–17 ]  the evidence for the other two processes is 
sparse and most of it is indirect. 

 The issue of vacancy creation in oxides by electrochemical 
reaction has been thoroughly reviewed by Jeong et al. [ 2 ]  and 
Szot et al. [ 14 ]  One group of experiments, nominally similar to 
electroformation and switching, induced electrocoloration 
and electrodegradation in bulk oxides. [ 15,16,18,19 ]  The electrical 
bias applied at temperatures between 27 and 230 °C resulted 
in orders of magnitude decreases in electrical resistance. This 
resistance drop was attributed to redistribution of pre-existing 
oxygen vacancies under bias; none of the authors mentioned 
the creation of vacancies under the applied bias. Observations 
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  1.     Introduction 

 Resistive switching (RS) has attracted widespread attention 
in recent years due to its potential application in next genera-
tion nonvolatile memory technology. [ 1–4 ]  Among several dif-
ferent material systems and mechanisms, bipolar switching 
in oxide-based devices is of particular interest in this fi eld and 
the subject of the current study. Oxide-based resistive switching 
devices consist of metal/oxide/metal sandwiches and exhibit 
two nonvolatile states of resistance. Switching between these 
two states can be accomplished by application of electrical 
biases with opposite polarities. [ 5 ]  The low resistance ON state 
is widely attributed to the formation of a conductive path that 
connects both electrodes. The high resistance state corresponds 
to a rupture of this path, forming a high resistance gap. [ 6–9 ]  The 
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in support of vacancy creation include the formation of bubbles 
under the anode metal layer. [ 20,21 ]  The effect was interpreted as 
due to evolution of oxygen gas from the functional layer. It is 
clear, however, that this evidence is only indirect and the bubble 
effect is absent in most nanoscale devices. Lastly, Szot et al. [ 14 ]  
argued that vacancies were formed in bulk TiO 2  samples 
under low fi elds (0.01 V cm −1 ) and high, but unspecifi ed, cur-
rents. The current fl ow in that experiment heated the sample 
to 500 °C, which is signifi cantly below temperatures where 
thermally induced reduction is expected to occur. [ 22 ]  It should 
be pointed out, however, that the sample was in contact with 
metallic leads in which case, temperatures as low as 400 °C 
are adequate for signifi cant oxygen loss in TiO 2 . [ 23 ]  Therefore, 
observed reduction and electrical resistance changes in oxides 
could have been of thermal origin. 

 The third process (reversible coalescence of vacancies into 
stable agglomerates and their dissolution) is an important 
feature of the switching process. Since the drift mobility and 
diffusion coeffi cient of isolated vacancies are proportional to 
each other, it is diffi cult to envision fast switching and long 
retention. This voltage-time dilemma [ 24,25 ]  could be reconciled 
if ion transport becomes nonlinear in high fi elds (acceler-
ating switching) [ 26 ]  or if oxygen vacancies form agglomerates 
(improving retention). [ 3 ]  One such vacancy agglomerate in TiO 2  
are Ti  n  O 2 n –1  Magnéli phases reported to be present in some 
electroformed and switched devices. [ 10,11,27 ]  However, these 
observations were made on nonoptimized structures exhibiting 
high temperature excursions during switching. The crystalline 
Ti  n  O 2 n –1  can be an aftereffect of the high temperatures rather 
than their cause. In fact, later transmission electron micros-
copy (TEM) investigations reported absence of Magnéli phases 
in switched devices. [ 12 ]  Other than the observations of Magnéli 
phases at high dissipated power, we have no evidence of the 
types of agglomerates vacancies could form. 

 There is, however, ample evidence of vacancies forming 
agglomerates as a result of high temperature annealing. The 
periodically arranged 3D vacancy aggregates, i.e., Magnéli 
phases have been observed in samples prepared by annealing 
of nonstoichiometric TiO 2  + Ti mixtures at 1150 °C [ 28 ]  or by 
melting of TiO 2  powder pellets at 1830 °C. [ 29,30 ]  Annealing 
stoichiometric rutile crystals at temperatures up to 1000 °C in 
vacuum produced only disordered planar faults known as Wad-
sley defects. [ 31,32 ]  The reverse process of dissolution of Wadsley 
defects during annealing in oxidizing ambient has also been 
reported. [ 7,33 ]  The study by Kamaladasa et al. [ 34 ]  have attempted 
to test whether similar aggregation/dissolution processes can 
be induced by biasing the metal/single-crystal rutile/metal 
structure. While they reported formation of Wadsley defects 
and Magnéli phases, the estimated temperatures in part of the 
sample exceeded 800 °C posing the question of their origin. 

 The series of experiments described below have a goal of 
documenting and quantifying all three elementary processes 
(vacancy creation, drift, and reversible coalescence/dissolu-
tion) involved in resistive switching in rutile by in situ biasing 
of metal/rutile/metal structures. Use of single-crystal rutile 
as the functional oxide has made it possible to analyze the 
induced extended defect creation which would be experimen-
tally diffi cult in nanocrystalline materials. We report defi nitive 
observation of reversible coalescence of oxygen vacancies into 

extended defects and their dissociation in applied electric fi eld 
at low temperatures. The correlation of the switching  I – V  char-
acteristics and particular morphology of structural changes is 
beyond the scope of this study. It is a worthwhile objective and 
some of this was the subject of our recent publications. [ 34 ]  How-
ever, the switching process in oxides induces large temperature 
excursions which are further exacerbated by the poor thermal 
sinking of thin TEM foils. This does not allow for identifi cation 
of processes which is the objective of this work.  

  2.     In Situ Biasing TEM Experiments 

 The complete device structure attached to the tungsten probe is 
shown in the scanning TEM high angle annular dark-fi eld micro-
graph in  Figure    1  . Pt and TiN layers are seen as gray contrast, and 
considering the geometry in the image, these are referred to as 
top and bottom electrodes, respectively. In all TEM micrographs 
below, samples are shown in the same orientation as in Figure  1  
with bias applied to the top electrode and the bottom electrode 
(contact made by a movable needle) grounded. This geometry 
allowed for observations of extended defect dynamics under bias.   

  3.     Microstructure Changes under Bias 

  Figure    2  a shows a bright fi eld TEM micrograph of an as-fabri-
cated Pt/TiO 2 /TiN/Mo/W sample before application of a bias. 
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 Figure 1.    Scanning transmission electron microscopy image (high-angle 
annular dark fi eld mode) of the Pt/TiO 2 /TiN/Mo/W sample mounted 
on the tungsten probe. The bright contrast between the sample and the 
probe is due to FIB-deposited Pt weld. Schematic diagram of electrical 
connections is included.



FU
LL

 P
A
P
ER

2878 wileyonlinelibrary.com © 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Electron-beam assisted chemical vapor deposited (CVD) Pt 
electrode and tungsten protective layer are visible as dark areas 
at the top and bottom of the image. The single-crystal TiO 2  is 
sandwiched between the Pt and TiN layers. The gradual left to 
right contrast modulation in rutile is due to sample bending. 
The dark contrast along the TiO 2 /TiN interface is presumably 
a focused ion beam (FIB)-induced artifact during the Ga +  ion 
beam milling. The TiN layer shadows the oxide resulting in 
a continuous FIB damage layer on the TiO 2  crystal along the 
interface. It is apparent that our samples prepared this way 
do not contain any extended defects. This includes any pos-
sible secondary inclusions, stacking faults, or dislocations. The 
absence of dislocations is important as some authors argue for 
high dislocation density near oxide surfaces, [ 20 ]  and as these 
defects have been associated with switching. [ 5 ]  Figure  2 b is a 
selected area diffraction pattern (SADP) at approximately the 
two-beam condition for   g   = 020 near the [100] zone axis, taken 
at the center of the TiO 2 . The pattern corresponds to electron 
diffraction from the defect-free single-crystal TiO 2  and will 
serve as a reference to monitor changes induced by application 
of bias.  

 Figure  2 c is the image of the specimen after a series of quasi-
DC sweeps and constant bias stresses with maximum device 
voltage across the device of ±1.5 V (all voltages are measured 
across the sample and do not include the drop across the series 
resistor). This voltage was below the forming voltage and at no 
point was there a rapid change of resistance, characteristic of 
the electroformation process. We have deliberately selected the 
voltage range and the series resistor to prevent the current run 
away which can result in current fi lamentation and large local 

temperature excursion. [ 35 ]  An example of the resistance change 
during biasing is shown in Figure S1, Supporting Information. 
The maximum electric fi eld in the device was 1.5 × 10 4  V cm −1  
and the maximum power delivered to the device was less than 
0.4 mW. This fi eld is three orders of magnitude lower than one 
used by Strachan et al. with the similar dissipated power. [ 12 ]  
The resistance of the device decreased from 20 to 7.5 kΩ 
between Figure  2 a and c. This resistance drop is similar to that 
observed during electrodegradation. [ 16 ]  The change of contrast 
in the TiO 2  is apparent: two dark defect zones appeared in 
proximity of both electrodes with only a narrow strip of mate-
rial approximately 300–100 nm in width in the center of the 
TiO 2  remaining free of defects. The nature of the defects was 
determined from the SADP shown in (d) and (e). The pattern 
in Figure  2 d obtained in the center of the dark contrast area 
(marked by an arrow “1” in Figure  2 c) shows multiple {011} 
streaks. The streaking suggests presence of planar faults in the 
sample along (011) and 011( ) planes. The streaking depends on 
the location in the sample. For example, the SADP collected at 
the edge of the defect zone (marked by arrow “2” in Figure  2 c) 
exhibits one dominant streak along the (011) direction indi-
cating the presence of only one set of planar faults parallel to 
(011). The intensity of the streak is weaker than in Figure  2 d 
consistent with the expected lower density of faults at the edge 
of the defect region. The appearance of streaks rather than dis-
crete superlattice refl ections [ 30 ]  indicates a random rather than 
a periodic distribution of faults. Planar faults in {110} planes 
of rutile are well known and have been analyzed in detail by 
TEM. [ 29 ]  These defects correspond to missing {110} planes of 
oxygen atoms and are referred to as Wadsley defects. [ 30 ]  The 
faults appear in rutile crystals reduced at temperatures above 
1000 °C and are known to be created by coalescence of oxygen 
vacancies. The vacancies can also coalesce on {121} and {132} 
planes creating different families of Wadsley defects. [ 30 ]  

 The defect zones in Figure  2 c extend along both electrodes 
roughly refl ecting the expected distribution of electrostatic 
potential in the biased sample. The slight asymmetry could 
be due to differences in local temperature caused by tungsten 
probes acting as heat sinks and/or changes on sample thick-
ness locally affecting resistance. In most locations within the 
defect zones in heavily stressed (electrically) samples, the defect 
densities were too high to resolve individual faults. The low 
fault density area at the edge of the defect zone in Figure  2 c is 
analyzed in more detail in Figure   4  .   

 The identifi cation of contrast as due to missing planes of 
oxygen atoms is further supported by micrographs shown in 
 Figure    3  . Figure  3 a is a bright fi eld TEM micrograph of another 
specimen after a series of gradually increasing quasi-DC sweep 
magnitude from 0 to −1.1 V (note: only negative bias was 
applied to the top electrode). The bias resulted in formation 
of only one defect zone in proximity of the top electrode (the 
diffuse dark bands in the middle and the right bottom of the 
TiO 2  are bend contours). In all experiments, the defects always 
appeared at the negatively biased electrode whether it was Pt or 
TiN. This behavior is consistent with faults formed by coales-
cence of positively charged point defects such as oxygen vacan-
cies drifting in the applied electric fi eld and accumulating close 
to the cathode as fi rst suggested by Kim et al. [ 36 ]  and later widely 
accepted. [ 13 ]  The biasing was stopped at initial stages (lower fi eld 
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 Figure 2.    TEM bright fi eld images of a) as-fabricated Pt/TiO 2 /TiN device 
and c) the same device after electrical biasing. b–e) selected area dif-
fraction patterns (SADP) close to two-beam condition for   g   = 020 near 
[100] zone axis. Panel (b) corresponds to the as-fabricated structure while 
(d) and (e) were obtained from location indicated by arrows “1” and “2” 
in (c). The size of the SADP aperture was 200 nm.
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and shorter time than in Figure  2 ) and the individual defects 
can be resolved at the edge of the defect region. They appear as 
narrow lines along (121) traces on the surface of (100) oriented 
sample, i.e., the image represents the planar (121) Wadsley 
defects viewed edge on. The morphology of the faults can be 
seen in Figure  3 c obtained by tilting the specimen by about 15° 
around a vertical axis (α-tilt). What was the set of straight-lines, 
now appears as a series of 2D defects with characteristic striped 
contrast of a planar fault. [ 37 ]  All of the characteristics of defects 
observed in our samples appear to be consistent with those of 
Wadsley defects reported in reduced TiO 2 . [ 30 ]  

 Wadsley defects observed in our experiments if arranged in 
a periodic fashion can form one of the Magnéli phases. [ 29,38 ]  
One can think of them as the initial step toward creation of 
such phases and in this sense our results are in agreement 
with those of Kwon et al. [ 10 ]  Nevertheless, one needs to address 
the question why Magnéli phases were not observed even after 
prolonged biasing of the samples. The likely reason lies in the 
much lower dissipated power density in our structures. In 
experiment by Kwon et al., [ 10 ]  the current fl ow was restricted 
to the narrow fi lament with the maximum dissipated power 
during the RESET process of over 20 mW. The corresponding 
local Joule heating caused the temperature increase to be high 
enough to change the morphology of the top electrode and pos-
sibly melt it. The estimated temperature of the 200 nm diameter 
TiO 2– x   fi lament with such power dissipation exceeds 3700 °C. [ 39 ]  
Formation of Magnéli phases in such conditions ( T  > 1500 °C) 
would be consistent with experiments of Bursill et al. [ 29 ]  It 

should be noted that our earlier publication reported formation 
of Magnéli phases in conditions of switching runaway. [ 34 ]  

 It is apparent that there are no Wadsley defects or any other 
oxygen vacancy agglomerates in the rutile crystal of the as-
fabricated structure shown in Figure  2 a. It implies that the 
concentration of oxygen vacancies is below the solid solubility 
limit which was estimated at  x  = 0.0015 in TiO 2– x  , [ 32 ]  and which 
corresponds to the vacancy concentration of 4.8 × 10 19  cm −3 . 
The vacancy density estimated from measured electrical con-
ductivity (assuming electron mobility value of 1 µm V s −1 ) [ 40 ]  
was 7.8 × 10 18  cm −3 . It is also apparent that the vacancy con-
centration in the sample after electrical biasing exceeded the 
solubility limit causing the vacancies to precipitate out and 
form Wadsley defects. Since the defected areas in the sample 
constitute over 80% of the total sample volume, one can argue 
that the total vacancy concentration exceeded total solubility. 
We can therefore conclude that oxygen vacancies were cre-
ated under our experimental conditions. As the biasing pro-
gressed, the total number of vacancies in the sample gradually 
increased. This could be expected, as in the ultra-high vacuum 
environment the oxygen atom once lost cannot be replaced. 
On the other hand though, locally we have observed repeated 
processes of oxidation and reduction as the bias was reversed 
( Figure    4  , below). The last step necessary to prove the vacancy 
creation by electrochemical reaction (not thermal origin) is the 
temperature estimate. This is discussed in detail in Section 
5 with the conclusion that the temperature during our experi-
ments does not exceed 150 °C. This is signifi cantly below the 
temperature necessary to reduce TiO 2  in contact with a getter 
layer (≈400 °C), providing the most compelling evidence so far 
for electrochemical reaction-induced creation of vacancies in 
resistive switching devices.  

  4.     Coalescence and Desorption of Vacancies from 
Planar Faults 

 The typical testing method of switching devices employs quasi-
DC sweeps with the predetermined voltage range. At some 
point during the sweep, the resistance of the device rapidly 
changes during the SET and RESET events. Concomitantly, the 
fi lament is expected to change its length or cross section. This 
type of behavior was reported by Kamaladasa et al.: the rapid 
change of resistance was associated with major changes of the 
sample microstructure. [ 34 ]  While informative in their own right, 
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 Figure 3.    a) BF TEM image of electrically stressed specimen at the early 
stages of degradation. b) A magnifi ed view of the region pointed out by an 
arrow in (a). c) The same location as (b) with the specimen tilt exposing 
the defect planes.

 Figure 4.    High magnifi cation images of the region marked by arrow “2” in Figure  2 c during in situ constant bias stress. a,b) max. V = −1.35 V applied 
between (a) and (b) for 300 s. b,c) max. V = +1.15 V applied between (b) and (c) for 300 s. (a,b) Growth of the top defect zone and dissociation of the 
bottom defect zone. (b,c) Dissociation of the top defect zone and growth of the bottom defect zone. d) Magnifi ed views of arrowed region in (c) showing 
dislocation loops (coffee bean-like contrast) near the end of the Wadsley defects. The small gray speckles shown in (d) are to be believed Ga droplets 
with Ga deposited during the FIB sample preparation and aggregated during the experiment. [ 44 ]  Note that the specimen was tilted when imaging (d).
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such events are diffi cult to analyze from the perspective of the 
mechanisms involved since the electroformation and switching 
events typically are associated with large local temperature 
excursions. [ 12,35,39 ]  We elected to bias the devices at constant 
source voltage in order to eliminate such excursions and focus 
on effects of the electric fi eld (the evolution of sample resistance 
under bias is shown in Figure S1, Supporting Information). 
The evolution of Wadsley defects under constant source voltage 
was recorded in two-beam condition for   g   = 020. Figure  4  is 
the high magnifi cation image of the region marked with arrow 
“2” in Figure  2 c. The images (a)–(c) show the same area of the 
sample with the two regions of Wadsley defects facing each 
other. The micrograph in (a) corresponds to the starting point 
with (b) taken after 300 s of −1.35 V applied to the top electrode. 
(Note that the voltage across the device decreased to −0.85 V 
during the experiment due to a change in the device resistance 
(see the Supporting Information). Comparing the two images, 
it is apparent that Wadsley defects (dark straight lines) at the top 
defect zone extended downward, narrowing the gap. The faults 
increased in length by an average of 135 nm. Since the faults 
are nonconservative (they change local composition of the 
material) with the displacement vector out of the plane of the 
fault, [ 38,41 ]  such extension must be associated with the absorp-
tion of oxygen vacancies. The process occurs one vacancy at the 
time attaching to the edge of the missing plane of oxygen ions 
with crystallography of the process described by Anderson and 
Hyde [ 41 ]  and Bursill and Hyde. [ 30 ]  The defect zone in the lower 
part of the specimen serves here as the reservoir of vacancies. 

 In the same pair of micrographs, the faults at the edge of 
the bottom defect zone retracted somewhat and faults changed 
contrast from continuous lines to “dashed” ones. The behavior 
of the faults in the lower defect zone is not obvious. One could 
expect the vacancies to desorb from the edges of Wadsley 
defects. Such process, if repeated, would result in a gradual con-
traction of the fault and would be the exact opposite to the fault 
extension occurring in the upper defect zone. Rather than this, 
the contrast change indicates the planar faults breaking up into 
numerous small defects with sizes of about 10 nm lying in the 
same plane and giving a “dashed” line appearance. While this 
behavior effectively lowers the fault area and the total number 
of vacancies aggregated into faults, it increases the length of 
partial dislocations bounding the faults. Observation of similar 
contrast associated with thermal dissolution of Wadsley defects 
has been reported by Blanchin and Bursill. [ 7,42 ]  Specifi cally, 
these authors reported Wadsley defects dissociating into dash-
like “small defects.” The structure of these is likely that of a 
disc of vacancies bound by the dislocation loop. This assertion 
is supported by the image in Figure  4 d obtained by tilting the 
sample by about 15° about the vertical axis (α-tilt). The small 
defects produce a characteristic “coffee bean”-like contrast that 
is known to correspond to strain contrast of a small disloca-
tion loop. [ 43 ]  It was impossible to determine the Burgers vector 
and the plane normal of the loops due to the limited tilt of the 
single-tilt axis TEM holder. The incomplete retraction of defects 
under bias can have important consequences for the endur-
ance or reliability of switching devices. Leaving “debris” behind 
the retracing faults would lead to slow accumulation of vacan-
cies, gradually affect the device characteristics and even result 
in eventual RESET failures. It should be noted here that the 

extension and retraction of faults has been observed repeatedly 
upon reversal of the bias polarity. This corresponds to repeated 
local oxidation and reduction of the sample. 

 The image shown in Figure  4 c was obtained after application 
of positive 1.15 V bias for 300 s (compared to Figure  4 b). Sim-
ilar to the negative biasing, we observed a voltage drop to 0.76 V 
during the experiment. The changes of the microstructure are 
basically the reversal of the changes between images (a) and (b). 
Since the temperature during the experiments did not exceed 
150 °C (see Section 5), this proves that vacancies can detach 
themselves from the Wadsley defects under the infl uence of the 
electric fi eld. Also, it is quite obvious from Figure  4 a–c that the 
vacancies drift in the electric fi eld and coalesce to form faults. 
This proves the second and the third elementary processes 
responsible for resistive switching do occur.  

  5.     Temperature Estimates 

 Most of the processes discussed above are likely to be thermally 
activated. The device temperature is of importance for the cur-
rent study as we would like to decouple defect dynamics due 
to temperature and voltage. In order to estimate the tempera-
ture changes due to Joule heating, a 3D heat fl ow simulation 
was performed using COMSOL Multiphysics package. Built-in 
“electric current” and “heat transfer in solids” modules were 
coupled for the steady-state simulations. These modules solve 
the heat diffusion equation and Maxwell’s equations simultane-
ously to yield a self-consistent temperature estimate.  Figure    5   
shows the thermal profi le of the simulated device. The peak 
temperature reached is 143 °C and this is the highest tempera-
ture during the entire biasing experiments. The temperature 
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 Figure 5.    The temperature profi le of the specimen during the in situ 
biasing experiment performed via COMSOL Multiphysics. The peak tem-
perature is 143 °C (416 K). Note that the temperature near the location 
where the concurrent growth and dissociation of Wadsley defect occurs 
is lower (107 °C (380 K)) than the peak temperature.
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near the location where the concurrent growth and dissociation 
of Wadsley defect occurs is 107 °C.   

  6.     Discussion 

 It is quite clear from Figures  2–4  that the vacancies/Wadsley 
defects never form a small diameter fi lament. The defect zone 
boundaries in our samples are roughly parallel to the two elec-
trodes and do not approach each other by less than 50 nm. This 
is in stark contrast with the expectation that the fi lament is more 
or less cylindrical with the diameter in the 1–10 nm range. [ 9,10 ]  
The possible origins of the different “fi lament” shape could be 
a difference in fi eld strength, and a different sample geometry 
compared to standard switching devices: the large thickness of 
the oxide, relatively fl at interfaces between electrodes and the 
oxide, and very different heat sinking. Another signifi cant dif-
ference is the proximity of the sample surfaces making it easy 
for the oxygen ions to leave the functional layer. We do not 
think, however, that this is a dominant effect as the TEM micro-
graphs show the defect distribution being uniform throughout 
the sample thickness. The nonuniformities are rather associ-
ated with the electrodes as seen in the micrographs. Many of 
these differences are unavoidable consequences of the in situ 
experiment. Also different were electroforming/switching pro-
cedures used in our experiments. Typically, electroforming and 
switching are induced using a quasi-DC voltage sweep. At some 
point during the sweep, the resistance changes rapidly due to 
electronic instabilities of the structures. As shown by Sharma 
et al., [ 35 ]  the TaO  x  -and TiO  x  -based devices exhibit negative dif-
ferential resistance in part of their  I–V  characteristics. This 
leads to a rapid spontaneous constriction of current fl ow, local 
Joule heating, and formation of a small diameter fi lament. The 
MIM structures used in this experiment do not show such  I–V  
characteristics. 

 The values of the voltage used in our experiments causing 
the vacancy formation and redistribution are surprisingly small 
(1–2 V). They are, however, in the same range as electrofor-
mation and switching voltages reported in number of devices 
based on TiO 2 , [ 21,39 ]  Ta 2 O 5 , [ 45 ]  or HfO 2 . [ 46 ]  It is also widely 
accepted that the operating mechanism is the electrochemical 
reaction. The energetics of such reactions remain to be worked 
out and will likely require a much better understanding of the 
electrostatic potential distribution in switching structures. 

 Lastly, the question arises whether the process reported here 
could be active in typical switching devices comprising amor-
phous or nanocrystalline functional layers. We would like to 
argue this is the case. While the amorphous oxide fi lms lack of 
long range order, they have a similar short range one. It is easy 
to imagine formation of oxygen vacancy clusters in amorphous 
materials that correspond to Wadsley defects in single-crystals 
of rutile. Locally, the Wadsley defect corresponds to transition 
between edge-sharing octahedra in the stoichiometric crystal 
to face-sharing ones. [ 47 ]  This preserves the coordination of all 
atoms affecting only farther neighbors; such change can easily 
occur in amorphous or nanocrystalline materials. Of course, the 
coalescence in a single-crystal occurs on a well-defi ned crystal 
plane and the resulting defects have a large spatial extent. In 
amorphous or nanocrystalline material, the planes will not be 

well defi ned and the size of vacancy clusters is likely limited 
reminiscent possibly of “small oxygen vacancy defects” reported 
by Blanchin and Bursill. [ 7,42 ]  It is quite apparent that the local 
structure of such defects can be almost identical in single-crys-
tals and amorphous fi lms. In both materials, the net electrical 
effect of the oxygen defi ciency is very similar: titanium will 
retain more of its electrons populating the states in the conduc-
tion band and increasing the conductivity. 

 The lateral size of the Wadsley defects seen in Figure  3  is 
over 100 nm. Clearly there are no well-defi ned planes of this 
size in amorphous materials. As a consequence, the vacancy 
agglomerates would have to be smaller. It is well documented 
that vacancy agglomerates even in single-crystals come in a 
continuous distribution of sizes with clusters as small as just 
several anion vacancies reported. [ 7,42,48 ]  It appears then quite 
possible to form similar clusters in either amorphous or 
nanocrystalline thin fi lms. 

 Another important aspect of our observations is the rela-
tively low value of electric fi eld causing creation, drift, and coa-
lescence of vacancies (≈1 × 10 4  V cm −1 ). A 10 mV  Read  pulse 
applied to a 10 nm thick oxide layer would induce fi elds well 
in excess of the fi elds used in our experiments. Therefore, the 
defect dynamics reported here can be important under  Read  
and  Disturb  voltages for nanoscale RS devices.  

  7.     Conclusions 

 We have investigated electric fi eld-induced defect reactions in 
a prototypical resistive switching system consisting of single-
crystal rutile TiO 2  sandwiched between Pt and TiN electrodes. 
Careful biasing limited the Joule heating of the specimens 
to no more than 150 °C. Three elementary processes (crea-
tion, drift, and reversible coalescence/dissociation of vacan-
cies) essential for the functioning of resistive switching 
devices have been documented by direct in situ biasing TEM 
observations. 

 Oxygen vacancy creation at the applied electric fi eld of 1.5 × 
10 4  V cm −1  was documented as the increase of the vacancy con-
tent above the solid solubility limit of  x  = 0.0015 in TiO 2– x   
throughout most of the TiO 2  volume. The vacancies coalesced 
into planar defects on {110} and {121} planes referred to as 
Wadsley defects. Repeated bias sweeps of both polarities created 
two defect zones adjacent to both electrodes. Upon changing 
the bias polarity, the extended faults near the anode dissoci-
ated and contracted by emission of oxygen vacancies. The point 
defects drifted in the applied fi eld, attached themselves to the 
edges of faults in the defect zone near the cathode, and agglom-
erated so that fault lengths were extended. 

 Thus, we have extended a methodology demonstrated by 
Yang et al. [ 49 ]  in the case of conducting bridge mechanism to 
a devices exhibiting valence change mechanism. The dynamic 
defect analysis in this model system can contribute to further 
understanding in resistive switching mechanism of TiO 2 -based 
resistive random-access memory (RRAM) and also in other 
nonstoichiometric transition metal oxide systems. Specifi cally, 
this sheds light on the possibility of creation of oxygen vacan-
cies at low-biases and temperatures which are conditions akin 
to  Read  and  Disturb . Moreover, incomplete retraction of defects 
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in presence of fi eld also indicates this as being a possible mech-
anism for RESET failures after endurance cycling.  

  8.     Experimental Section 
 The functional oxide for the investigated structures was single-crystalline 
rutile (MTI Corporation (Richmond, CA)). 100 nm thick Ti getter fi lm 
was sputter deposited on the backside of the crystal followed by 
annealing at 500 °C at 1 × 10 −8  Torr for 1 h. The annealing reduced the 
crystal with the conductivity increasing from 50 S m −1  to 250 S m −1 . This 
gives the density of doubly ionized oxygen vacancies of 7.8 × 10 18  cm −3  
(assuming electron mobility of 1 cm 2  V s −1 ). [ 40 ]  A stack of 80 nm TiN fi lm 
followed by 20 nm of molybdenum was sputtered as a bottom electrode 
(samples were inverted for TEM experiments). TEM specimens (about 
2 × 1 × 1.5 µm in size) were lifted-out in FEI Nova 600 Nanolab focused 
ion beam (FIB) and affi xed to tungsten needles. The top electrode was 
an electron beam-assisted chemical vapor deposition (CVD) platinum 
deposited by FIB. The slabs were then thinned down to electron 
transparency (≈150 nm) with 30 keV Ga+ beam and fi nished with 5 keV 
polishing step (≈100 nm). It is known that the 5 keV ion polishing step 
during sample preparation leaves a thin amorphous layer on the sample 
surfaces. The thickness of such a layer in single-crystal Si prepared in 
similar manner was estimated at 10 nm. [ 50 ]  While this amorphous 
overlayer has somewhat degraded the image quality, it still allowed for 
observation of structural changes in the device. 

 The in situ biasing TEM experiments were performed in the FEI Tecnai 
F20 microscope operated at 200 keV with a Nanofactory in situ biasing 
holder (single-tilt). Two-beam bright-fi eld (BF) imaging was utilized 
to observe formation and evolution of extended defects. A schematic 
with the scanning TEM (STEM) high-angle annular dark fi eld (HAADF) 
image in Figure  1  illustrates the in situ biasing TEM setup used in this 
study. Two tungsten scanning tunneling microscope (STM) probes were 
mounted in the TEM holder facing each other. The stationary STM probe 
where the specimen was attached was electrically biased. The piezo-
driven nanomanipulated STM probe was grounded in all experiments. 

 An Agilent Semiconductor Parameter Analyzer 4156C was utilized 
to apply quasi-DC sweeps and constant bias across the Pt/TiO 2 /TiN 
stack. The constant bias in this study refers to the source voltage and 
the voltage across the device (always lower than the source voltage 
due to a series resistor) represents the voltage appearing across the 
device. We monitor a decrease in device voltage as the resistance of the 
device decreases over time (see Figure S1, Supporting Information). An 
external series resistor of 12 kΩ was connected to the circuit to suppress 
current run away leading to rapid resistance changes in the device and 
thus prevented large local temperature excursions.  
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