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Redox-based oxide resistance switch (RS) device can be considered as the main category of the intriguing and 
futuristic electronic memory device, which is called resistance switching random access memory (RRAM). As 
there are a large number of diverse oxide systems with diverse and complex redox reactions, the detailed electrical 
characteristics of oxide-based RRAM are very much dependent on the constituent materials, the electrodes and 
the fabrication processes1–5. With too much of such diversity, compared with rather narrowed-down material 
system for phase change memories, Ge-Sb-Te alloys, highly active researches on RRAMs are ongoing in both aca-
demia and industries. However, such diversity also created certain challenges in determining the best choice for 
RRAM commercialization. In general, the oxide-based RS materials can be classi�ed into two groups – one that 
contains a distinctive crystallographic phase as the locally conducting phase and the other that does not contain 
such phase. A typical example of the �rst is TiO2, where Magnéli phase materials, which can be represented by a 
general formula of TinO2n-1 (n =  2, 3, 4…), forms the conducing �lament (CF), and the unipolar resistance switch-
ing (URS) of TiO2 �lm can be well understood from the repeated (thermal) rupture and (�eld-driven) rejuvena-
tion of the Magnéli CF’s connecting the top and bottom electrodes6. In bipolar RS (BRS) of TiO2, the redox-like 
reaction, mediated by the electric �eld-driven migration of oxygen (vacancies) within the Magnéli CF ruptured 
region, well explains the detailed electrical RS behaviours7. By contrast, the HfO2 represents the second group of 
oxide-based RS materials, where the material system lacks a distinctive crystallographic phase which can form the 
local CFs. In this case, the �eld-driven oxygen vacancy (VO)-mediated redox reaction well explains the observed 
BRS, which also explains the general di�culty in observing URS in these material systems8. Recent work by Wang 
et al. revealed that Ohmic-like conduction of low resistance state (LRS) in HfO2 RS cell involved semiconducting 
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CFs, suggesting the lack of a distinctive second phase, which could be metallic conductivity in this system9. �e 
possibility of �ne tuning in conductivity through fabrication process as well as the electrical operation in these 
material systems, since they lack the distinctive conducting phase, makes them favourable. Nevertheless, random 
switching of these conducting phases, by adding or loosing point defects, can invoke other critical problems such 
as signi�cant random telegraph noise issues.

Perovskite oxide thin �lms attracted a great deal of attention during past several decades not only for RRAM, 
but also for many other functional electronic devices, such as dynamic random access memory and ferroelectric 
memory devices10–18. It is quite notable that one of the pioneering reports in RRAM �eld was based on one of the 
perovskites, Cr-doped SrZrO3, in year 200019. Another highly notable report on the application of perovskite in 
RRAM involved ultimate scalability using the SrTiO3 (STO) single crystal and conducting atomic force micros-
copy, where dislocations were proven to be the repeatable source of electrical on/o� operations1,20. �ese reports 
induced a great deal of interests in the perovskite oxides as a feasible medium for reliable RRAM, and one of the 
authors’ group (Waser group) conducted extensive studies on (doped) STO thin �lm systems21–27. In those stud-
ies, the redox reactions in STO based on the defect chemistry of this material were unambiguously identi�ed as 
the predominant RS mechanism. �e spatial-temporal evolution of local redox reaction across the �lm thickness 
was studied in detail. Nonetheless, the possible involvement of conducting second phase in STO, as in the case 
of TiO2, has not been seriously considered, except that the dislocations in STO have been discussed as the pos-
sible origin of CF formation28–30. Considering the fact that the crystal structure of STO is actually composed of 
corner-shared TiO6 octahedra, the overall stoichiometry of this corner-shared TiO6 octahedral network is TiO3, 
and thus, the excess negative − 2 charge of the network per TiO3 unit is compensated by the included Sr2+ ions. 
�erefore, it is reasonable to assume that the redox reaction is mediated by the reduction and oxidation of Ti ions 
in the octahedral network. It also has to be noted that the conduction band of STO has a signi�cant contribution 
from the Ti3d orbitals. One may also consider that there could be conducting second phases involved if the defect 
concentration (VO concentration) becomes higher than its stability range. In TiO2, ~0.1% of [VO] is the stability 
range, and locally a very high VO concentration induced the local phase transition into the Magnéli phase, which 
could be facilitated by the Joule–heating-assisted migration of oxygen ions during the RS operation31–33. However, 
it can be anticipated that such reaction in STO would be more complicated due to the presence of Sr ions, which 
might be the reason why such conducting phase has not been clearly identi�ed in STO yet. According to the phase 
diagram of STO, oxygen de�cient STO34–36 is known to be a good semiconductor. For non-stoichiometric SrTiO3 
(expected in grain boundary regions) phase separation and the formation of either Ruddlesden-Popper phases 
(Sr-rich)37,38 or Magnéli type phases (Ti-rich)39 were reported. Nevertheless, identifying the conducting second 
phase in any RS system is still of utmost importance for accurate and precise understanding of the RS mechanism. 
�erefore, the authors extensively examined the structure of STO RS cell a�er the URS set, which may have the 
highest possibility to observe the conducting second phase if there is any, using high-resolution transmission 
electron microscopy (HRTEM). In order to further improve the success rate of such trials, a highly reliable �lm 
deposition process, atomic layer deposition (ALD), was adopted which resulted in an extremely uniform and reli-
able electrical characteristics, facilitating this tough task a�ordable. In general, such HRTEM work su�ers from 
the scarcity of possible CFs in the memory cell structure, so extensive and dedicated TEM studies were necessary 
to identify the Sr2Ti6O13 or Sr1Ti11O20 phases as the conducting second phase in this work. Another complication 
in this work was that these phases are almost always found from the grain boundary regions of the di�erently 
oriented STO grains. A grain boundary between STO grains with di�erent orientations can lead to misconception 
on the presence of grain boundary phases by the Móire fringe e�ect, which is basically the interference of two 
di�erently oriented lattice fringes, so very careful examination of the observed second phase-like images must be 
performed.

A�er the careful examination of the ~70 HRTEM images showing the second phase-like images at the STO 
grain boundaries, monoclinic Sr2Ti6O13 or triclinic Sr1Ti11O20 phase, which has been discussed in previous works 
deeply or sketchily40–50, could be presumably identi�ed. In the phase diagram for Sr-Ti-O system51, these phases 
are less well known. Since these phases can be described as Sr2Ti6O(2+12−1) or Sr1Ti11O(1+22−3) they could be the 
conducting second phases, although detailed electrical properties of them have not been reported yet. In order to 
con�rm the electrical properties of these two Ti-rich second phases, theoretical calculations of their densities of 
states (DOSs) were performed using �rst principles. It can be further considered that these second phases them-
selves can have oxygen non-stoichiometry, i. e. Sr2Ti6O(13±x) or Sr1Ti11O(20±x), but this was not signi�cantly taken 
into account in this work for the sake of simplicity. Furthermore, the electrical properties of the STO �lms, which 
were di�erently heat-treated to change the crystallographic structure, were also examined a�er the memory cell 
was URS reset. �is can provide a detailed understanding on the possible redox reaction at the region where the 
presumable Sr2Ti6O13 or Sr1Ti11O20 phase CF’s are ruptured.

Figure 1(a) shows the graz-
ing angle incidence X-ray di�raction (XRD) spectra of the 12nm-thick STO �lm on 50nm-thick Pt/20nm-thick 
TiO2/300nm-thick SiO2/Si substrate. Pt is the bottom electrode (BE). �ree kinds of STO �lms were prepared: the 
as-deposited state, partially crystallized state at 400 oC, and practically crystallized �lm at 500 oC by rapid thermal 
annealing (RTA) under N2 atmosphere for 2 min. �e lack of crystalline di�raction peaks, except for those from 
the substrate materials, from the as-deposited state suggested that the STO �lm was amorphous, which is consist-
ent with the fact that this ALD STO �lm was formed through a two-step growth process for in-situ crystallization. 
�e TiO2 (101) peak at the as-deposited state was originated from the adhesion TiO2 layer beneath the Pt �lm. 
�e RTA certainly crystallized the �lm into the perovskite structure as can be understood from the emergence 
of STO (110) peak near 2θ value of 32.5o and increase in the peak intensity near 2θ value of 46.5o which corre-
sponded to STO (200) (and Pt (200)). Figure 1(b) shows the typical current – voltage (I-V) curves of the three 
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kinds of STO �lms. �e 50nm-thick Pt/5nm thick TiN (TiN contacts STO layer) top electrode (TE) was deposited 
by a dc sputtering through metal shadow mask (hole diameter 0.3mm). Due to the amorphous and dense micro-
structure of the as-deposited �lm, the current was very low down to − 3.5 V; however, it increased with increasing 
RTA temperature due to crystallization-induced micro (nano) crack generation within the �lm52. Inset shows a 
typical electroforming and subsequent resetting I-V switching curves of the as-deposited �lm and the �lm ex-situ 
annealed at 500  oC. Applying many di�erent values of compliance current (Icc) was attempted to acquire repeata-
ble URS switching behaviour, and 5 mA was identi�ed to be an appropriate value. �is enabled the stable URS set 
followed by the URS reset during voltage driven I-V sweep. In this sweep, the bias voltage was applied to the Pt/
TiN TE while the Pt BE was grounded. �e low current lines show electroforming behaviours, where the electr-
oforming occurred at ~− 4.6 and ~− 3.8 V for the as-deposited STO and 500 oC annealed STO �lms, respectively. 
�e as-deposited STO �lm showed lower (absolutely higher) electroforming voltage than the 500 oC annealed 
STO �lm due to its more insulating nature. Additionally, the high-current curve show reset curves, where the 
reset occurred at ~− 1.5 V with a very high reset current of ~70 and ~50 mA for the as-deposited STO and 500 oC 
annealed STO �lms, respectively. �e detailed electroforming and subsequent reset/set parameters were subjected 
to rather large variations due to quite random nature of CF formation, rupture, and rejuvenation. �is is a typical 
behaviour of oxide-based RRAM cell in the URS mode, especially when the distinctive conducting phase CF is 
involved. �e URS behaviour of the as-deposited, and RTA �lms did not show any clear dependency (data not 
shown) on the degree of crystallization. �e much higher reset current compared with the Icc also suggested a 
high probability of the formation of a distinctive conducting phase as discrete CFs, which were further enhanced 
by the �ow of stored charge in the high-k capacitor structure at the moment of URS set. It has to be noted that the 
semiconductor parameter analyser (SPA) adopted to perform the I-V sweep did not control the actual charge �ow 
at the moment of set even though Icc was �xed; it just decreased the voltage to a value at which the Icc was detected. 
Although the electrode-area independencies of set- and reset-state currents were not con�rmed, such a typical 
URS behaviour con�rmed that the switching occurred locally.

URS electroforming and subsequent reset/set RS could be also induced by positive bias application to TE 
but the success rate was much lower as for the opposite bias case. �is is probably due to the blocking e�ect of 
the intervened TiN layer on oxygen migration into the top Pt, whereas the same e�ect was not expected for the 
negative bias. �is can be con�rmed from the elemental mapping of the electroformed sample with negative bias, 
as shown in Fig. 2.

Figure 2(a) shows a high-angle annular dark field (HAADF) image in scanning TEM (STEM) of the 
cross-section of an electroformed (negative bias applied to TE), 500 oC RTA sample. �e picture was taken from 
an area where a grain boundary of the STO �lm was present, as indicated by the arrow in the �gure. �e STO �lm 
shows a very uniform thickness across the entire electrode area that could be observed during the TEM exper-
iment, which is consistent with the general expectation for a uniform �lm growth in ALD. �e average lateral 
grain size was ~50 nm. �e interface region of STO in contact with TiN appeared to contain many dark spots 
in STEM indicating a certain chemical interaction of the STO with TiN either during the sample fabrication or 
electroforming. �e RTA was performed before the TE deposition, so thermal di�usion of elements during the 
RTA was not the cause for the appearance of the dark spots. �e grain boundary also showed a darker contrast 
in STEM, which indicated either lower density or loss of heavier elements in these regions in HAADF image. 
Figure 2(b)–(f) show O, Sr, Ti, N, and Pt elemental maps using energy dispersive spectroscopy (EDS). Due to 
the generation of spurious X-rays in such TEM analysis and di�use scattering of electrons in the sample, spatial 

Figure 1. (a) Grazing angle incidence X-ray di�raction patterns, and (b) current versus applied voltage plots of 
as-deposited, 400 oC annealed, and 500 oC annealed STO �lms on Pt/TiO2/SiO2/Si substrate. TiN and Pt layers 
were deposited sequentially on STO layer for top electrode in (b). �e inset �gure in (b) shows the URS set 
(compliance current: 0.5mA) and reset switching curves of the as-deposited and 500 oC annealed STO �lms.
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resolution of EDS mapping was limited. Nevertheless, there were several notable �ndings from these mapping 
results. First, oxygen EDS signal intensities in the top and bottom Pt layers were unexpectedly high, which might 
be related with the oxygen adsorption on the TEM sample surface. Moreover, the intensity was generally higher 
within the BE than within the TE, although the di�erence was not very large. �is was consistent with the bias 
application direction of the electroforming process. During the electroforming process, the oxygen ions migrated 
from the STO layer into the BE according to the bias. Of course, high signal intensity of O in STO layer con�rmed 
the presence of the STO layer. Furthermore, the Sr signal intensity near the interface region with TiN layer was 
locally low, although it was not very clear too, suggesting di�usion of some Sr into the TiN layer. �is may have 
an important implication on the formation of Sr-de�cient conducting second phase in this sample. �e locally 
stronger signal of Ti than the bulk STO along the TE interface indicated that TiN layer remained at that location 
even a�er the electroforming. However, the noisy signal of N in EDS did not con�rm whether it is TiN or TiOxNy 
or even TiOx. �e clearly con�ned Pt signals within the TE and BE regions rejected the possibility of any Pt 
migration into the dielectric �lm. �e EDS mapping could not con�rm what caused the dark contrast near the 
grain boundary indicated by the arrow in Fig. 2(a), due to the limited spatial resolution. �erefore, HRTEM was 
adopted and the sample was extensively examined. In this regard, HRTEM pictures of approximately 70 grain 
boundaries were taken and analysed by fast-Fourier transformation (FFT) and inverse FFT (iFFT) techniques to 
exemplify the presence of second phases. As mentioned previously, the possible misinterpretation of Móire fringe 
e�ect as the presence of second grain boundary phase was carefully taken care of, so the images that can be evi-
dently regarded as the representation of the second phase were included. �e detailed processes for excluding the 
di�raction spots by the multiple scattering and Móire fringe e�ect have been explained in on-line supplementary 
information (SI).

Figure 3(a) shows a typical HRTEM image showing the presence of second phase at the grain boundary of 
the STO �lm, and the inset �gure shows the FFT di�raction pattern of the region indicated by the square box. 
All the di�raction spots except 1 and 2 could be assigned as the perovskite STO phase. In order to con�rm what 
phase may contribute to the 1 and 2 di�raction spots, the inter-planar spacing of the crystal planes that pro-
duced the two di�raction spots were measured. �e scale of measurement was con�rmed by the perovskite spots. 
Table 1 shows the measured inter-planar spacings from the FFT di�raction patterns and the possible candidate 
planes from various phases that can be found from the crystallography materials data composed of Sr, Ti, and O. 
Other than the perovskite phase, the possible phase that corresponded to the extra spots was either Sr2Ti6O13 or 
Sr1Ti11O20 phase. �ese phases are strongly Sr and oxygen de�cient phases, as mentioned before, compared with 
the stoichiometric STO phase, and, thus, could be a good candidate for the CFs in this material. �e spatial distri-
bution of these possible phases can be identi�ed from the iFFT of these spots, as shown in Fig. 3(b) for spot 1 and 
(c) for spot 2. It can be understood that the phases were mainly located near the grain boundary region of the STO 
�lm, but a non-negligible contribution from inside of the grains was also identi�ed. Figure 3(d) shows a magni-
�ed image of the grain boundary region, showing that the second phase extended from the TE to the BE interface. 

Figure 2. (a) Cross-section HAADFF image of Pt/TiN/(500 oC annealed) STO/Pt structure which was 
electroformed with compliance current of 5 mA. �e EDS mapping of (b) O, (c) Sr, (d) Ti, (e) N, and (f) Pt 
elements of the area where (a) was obtained.
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Figure 3(e,i) show another regions where the grain boundaries contained the second phase, whose FFT and iFFT 
images (from the extra spots indicated by the arrows in the respective FFT images) are included in Fig. 3 (f,j) 
and (g,k), respectively. �e iFFT images show that the second phase was more con�ned to only grain boundary 
region, especially in (g), compared with the other images. Figure 3(h, l) show the enlarged HRTEM images of the 
second phase which again con�rmed that they extended from the TE to the BE interface. �ese extensive HRTEM 
studies showed that the electroforming of the STO �lm induced the formation of conducting phases, which were 
presumably Sr2Ti6O13 or Sr1Ti11O20 phase. It is instructive to consider that the Sr-O binding energy is much 
stronger than that of Ti-O bonding, so the Sr-de�cient region of STO, probably initiated by the reaction with TiN 
layer, induced the oxygen-de�cient phases, which �nally evolved into the Sr2Ti6O13 or Sr1Ti11O20 phase. Despite 
the extensive HRTEM work, further research is necessary to clearly identify the crystallographic and electronic 
structures of these phases, which might be possible by adopting nano-di�raction technique and energy-�ltered 
electron energy loss spectroscopy, which have not been very successful, perhaps due to the overall matrix phase 
in TEM samples.

�e identi�cation of CF distribution along the �lm surface direction of the �lm has been accomplished by 
conducting atomic force microscopy (CAFM)53,54. �is technique was also attempted in this work, but was not 

Figure 3. (a,e,i) Cross-sectional TEM images of electroformed Pt/TiN/(500 oC annealed) STO/Pt and (inset of 
a, f, j) FFT patterns from the white boxes of (a), (e), (i). (b,c,g,k) iFFT images from the di�raction spots pointed 
by arrows in FFT patterns in (1, 2 of inset of a), (f), (j). (d,h,l) Enlarged TEM images of (a), (e), (i) around the 
white boxes.
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feasible as described below. In order to examine the (laterally) local electrical conduction mediated by the CFs, TE 
must be removed a�er the test cell was electroformed or switched to LRS. �is has been usually done by peeling 
o� the TE using a scotch tape. However, the presence of thin TiN between the Pt layer and STO �lm makes the 
adhesion between the TE and STO �lm stronger than that between the BE and STO �lm. �erefore, the tape test 
always resulted in peeling o� the TE/STO stack from the Pt BE or TE/STO/BE stack from the TiO2/Si substrate, 
making the CAFM test una�ordable. Wet etching test of the TE material using aqua regia induced too much 
damage to the STO �lm. �erefore, an alternative test was performed using an extremely thin TE (3nm-thick 
Pt/3nm-thick TiN), because this would render su�ciently low lateral electrical conduction along the thin TE to 
not interfere with the CAFM test. �is new sample had been biased with a very thin top electrode in an identical 
manner as shown in the inset �gure of Fig. 1(b), but was not successfully electroformed because of too high lateral 
resistance of the thin top electrode. Nevertheless, the local electrical conduction was con�rmed using CAFM on 
this thin TE sample, and it was found that current �ow was concentrated at the grain boundary regions of the STO 
�lm from the 500 oC annealed �lm (See Fig. S6 of on-line SI). As previously mentioned, the evolution of CFs in 
these oxide thin �lms is generally mediated by the Joule-heating assisted �eld-induced migration of the oxygen 
ions. Hence, the local current along the grain boundaries (or nano-cracks) in this �lm would make the change 
to form the CFs along the grain boundaries much higher than inside of the bulk grains. �erefore, Sr2Ti6O13 or 
Sr1Ti11O20 was mostly found at the grain boundary in Fig. 3.

While the structures of the Sr2Ti6O13 or Sr1Ti11O20 phases were reported42,47, detailed electrical properties of 
them are not fully understood. In order to complement this di�culty, the DOSs of the materials are theoretically 
calculated using the �rst principles. For SrTiO3, Sr2Ti6O13 and SrTi11O20, ab-initio calculations were performed 
using a pseudopotential plane-wave code known as the Vienna ab-initio Simulation Package (VASP)55,56. �e pro-
jector augmented wave method within the generalized gradient approximation parameterized by Perdew et al.57, 
and HSE0658,59 were tested with a cuto� energy of 400 eV. �e main calculations were performed using the HSE06, 
which showed the agreement on the bandgap of the experimental value of SrTiO3

60. �e 4s, 4p and 5s orbitals for 
Sr, 3p, 3d and 4s orbitals for Ti, and 2s and 2p orbitals for O were treated as the valence electrons. For the unit-cell 
of SrTiO3, Sr2Ti6O13, and SrTi11O20, the unit-cell volume and the atomic positions were fully relaxed until the 
Hellmann-Feynman force on each atom was reduced below 0.05 eV/Å. �e 8 ×  8 ×  8, 2 ×  8 ×  4, and 4 ×  4 ×  2 
Monkhorst-Pack k-point meshs61 were used to sample the Brillouin zone, respectively. To calculate the DOSs, 
�ner k-points of 12 ×  12 ×  12, 4 ×  16 ×  8, and 8 ×  8 ×  4 were used in the Monkhorst-Pack scheme. Figure 4(a)–(c)  
represent the atomic structures of the SrTiO3, Sr2Ti6O13, and SrTi11O20, whereas Table 2 shows their optimized 

FFT pattern Fig. 3(f) Fig. 3(j) Fig. 3(a) ‘1’ Fig. 3(a) ‘2’

calculated d [Å] from FFT pattern 2.39 3.07 3.61 5.48

d [Å]with error range <5% 2.25~2.51 2.84~3.14 3.36~3.79 5.34~5.95

d [Å] plane (hkl) d [Å] plane (hkl) d [Å] plane (hkl) d [Å] plane (hkl)

ICDD 01-071-1711 (calculated) Sr2Ti6O13 
monoclinic

2.28 113 3.43 − 111

5.38 201

2.32 601 2.94 − 311 3.63 202

2.35 510 2.97 − 203 3.66 110

2.37 − 113 3.01 003 3.69 − 401

2.40 312 3.76 400

ICDD 01-080-2475(calculated) Sr1Ti11O20 
tricilinic

d [Å] plane (hkl) d [Å] plane (hkl) d [Å] plane (hkl) d [Å] plane (hkl)

2.27 − 231

2.29 − 301

2.29 − 230

2.30 300

2.31 3–11 3.45 1–13

2.32 204 2.94 − 1–21 3.47 − 210

2.33 2–14 2.99 014 3.52 1–21

2.35 − 311 2.99 202 3.54 − 121

2.37 − 310 3.01 2–12 3.55 − 113 5.37 − 111

2.39 2–23 3.03 − 104 3.56 021

2.42 105 3.09 113 3.59 0–21

2.42 − 115 3.12 −212 3.66 − 120

2.43 1–24 3.72 020

2.44 − 214 3.75 013

2.46 − 213

2.47 015

2.48 0–24

2.49 − 131

Table 1. Calculated inter-planar spacings and the possible planes from the International Centre for 
Di�raction Data (ICDD) cards of Sr-Ti-O systems.
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structures and band gaps in this study in comparison with the experimental values. Figure 4(d)–(f) display the 
total DOSs obtained by using HSE06 on SrTiO3, Sr2Ti6O13 and SrTi11O20. In contrast to SrTiO3, the two substoi-
chiometric phase, Sr2Ti6O13 and SrTi11O20, show metallic characters (no band gap) indicating that they can act as 
conducting �laments, which correspond to the electrical tests results shown next.

Figure 5(a) show the I-V curves of the electroformed sample, shown in Fig. 3, at various measurement tem-
peratures ranging from 30 to 100 oC. �e I-V curves show that Ohmic current �owed at all temperatures, and 
the curves were highly symmetric with respect to the bias polarity. �e most notable �nding was that the current 
decreased with increasing temperature. �ese results suggested that there are metallic conducting CFs connect-
ing the TE and the BE in this case, which corresponds to the theoretical calculation results mentioned above. 
Due to the lack of precise information on the lateral distribution of these CFs across the electrode area, it was 
di�cult to quantify the conductance of each CF, but it was quite obvious that the CFs, which were most probably 
Sr2Ti6O13 or Sr1Ti11O20 phase, were metallic. �e inset �gure shows the variation of relative resistance values with 
the reference at 30 oC, estimated from the slopes of the I-V curves, as a function of temperature. �e slope of the 
best-linear-�tted graph corresponded to the temperature coe�cient of resistance, ~ 6.7 ×  10−3 oC−1. �is value is 

Figure 4. Crystal structures of (a) SrTiO3 (b) Sr2Ti6O13 and (c) SrTi11O20. Green, blue, and red circles denote 
Sr, Ti, and O atoms, respectively. Total density of states of (d) SrTiO3, (e) Sr2Ti6O13, and (f) SrTi11O20 which was 
obtained by HSE06.

Space 
Group

XC- 
functional Lattice Parameters a, b, c [Å] α, β, γ [o]

Band 
gap 
[eV] References

SrTiO3

Pm-3m HSE06 3.88, 3.88, 3.88 90, 90, 90 3.35 �is study

cubic experiment 3.90, 3.90, 3.90 90, 90, 90 3.25 60,62

Sr2Ti6O13

C2/m HSE06 14.45, 3.85, 9.02 90, 97.4, 90 0 �is study

monoclinic experiment 15.25, 3.77, 9.16 90, 99.2, 90 NA 63

SrTi11O20

P-1 HSE06 7.09, 7.63, 13.03 90.1, 93.1, 104.0 0 �is study

triclinic experiment 7.13, 7.66, 13.16 90.2, 92.8, 103.9 NA 64

Table 2.  Structural information on SrTiO3, Sr2Ti6O13, and SrTi11O20 and their band gaps.
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higher than that of Magnéli phase in TiO2 (~1.5 ×  10−5 oC−1) by approximately two orders of magnitude, suggest-
ing the more metallic properties of the Sr2Ti6O13 or Sr1Ti11O20 phase CFs in this work65.

Heavily reduced (degenerate semiconductor) SrTiO3-x, which was formed by thermal reduction at a temper-
ature of 900 oC, also showed similar temperature coe�cient of resistance66. In contrast, the detailed electrical 
properties of Sr2Ti6O13 and Sr1Ti11O20 phases, including their temperature coe�cient of resistance, have not been 
reported yet, although it is obvious that they have metallic conductivity46. �erefore, it is di�cult to unambigu-
ously identify the nature of CFs in this system presently. Nevertheless, Sr2Ti6O13 or Sr1Ti11O20 phase is suggested 
to be the main constituent of the CFs in this research as they are identi�ed to be present across the entire �lm 
thickness at the electroformed state. By contrast, the I-V curves of pristine as-deposited STO �lm showed highly 
insulation behaviour at all temperatures, as shown in Fig. 5(b). Although the I-V curves were quite noisy, it 
was quite certain that the temperature dependency is insulating; current increased with increasing temperature. 
When it was reset by the I-V sweep, the current decreased abruptly (Fig. 1(b) inset), and it displayed insulating 
property at high resistance state (HRS), i.e. the current increased with increasing temperature. A more detailed 
discussion on the electrical properties of this URS reset state, which also corresponds to the BRS reset state, will 
be discussed in detail in the subsequent section.

Next, the BRS behaviour of the Pt/TiN/STO/
Pt memory cells in URS reset state was described. In this experiment, the BRS was always induced from the URS 
reset state, where the BRS set and the reset were generally observed under positive and negative bias polarities, 
respectively. As previously mentioned, electroforming with positive bias polarity has a low success rate, so attempt 
to directly achieve the BRS, including electroforming in positive bias polarity for BRS, without involving the pre-
vious URS was not successful. �is strongly indicated that the BRS was induced at a local (in terms of both lateral 
and vertical directions) region where the presumable Sr2Ti6O13 or Sr1Ti11O20 phase CF’s were ruptured.

Figure 6(a) shows the BRS I-V curves with various Icc, from 0.03 mA to 0.17 mA, which was much smaller 
than the value for URS, during the BRS set in positive bias region of the as-deposited STO �lm. In the nega-
tive bias region, the �lm displayed a gradual decrease in current with further decrease in voltage a�er a certain 
voltage (Vreset), which corresponded to the negative di�erential resistance (NDR) behavior. NDR behaviors have 
been commonly observed in many oxide-based RS cells during BRS reset67. By contrast, the BRS set occurred 
rather abruptly at a certain positive voltage (Vset), which is rather uncommon in BRS set of oxide materials. �is 
abrupt set shared a common feature with the URS, and such behaviour might have a close relationship with the 
appearance of complementary resistance switching (CRS) behavior at even higher Icc values (0.19 and 0.21 mA), 
as shown in Fig. 6(b). �e emergence of CRS was originally suggested for the two anti-parallel connected elec-
trochemical metallization cells68, but such behavior has recently been reported in several single layer oxides69,70. 
Discussions on the emergence of CRS in this material system will be provided later. Figure 6(c–e) show the 
variations in the various BRS parameters as a function of Icc. Figure 6(c) shows that resistance of LRS (RLRS) 
decreased monotonically with increasing Icc, whereas the resistance of HRS (RHRS) was rather invariant, making 

Figure 5.  Current versus applied bias voltage plots of 500 oC annealed STO �lms (a) a�er and (b) before 
electroforming at various measuring temperatures. �e inset �gure in (a) is the relative variation rate of 
resistance (reference temperature of 30 oC) with measuring temperature.
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the resistance ratio increase with increasing Icc. When the sample showed CRS, the RLRS and RHRS deviated quite 
signi�cantly from the previous trends at lower Icc values, which appeared reasonable when quite di�erent I-V 
curves and switching mechanism were considered. In general, the resistance ratio of CRS with high Icc was much 
smaller than that of BRS, when it was estimated at the same read voltage, ± 0.1 V. However, it has been established 
that the reading of memory state in CRS requires a special voltage application procedure, so such simple compar-
ison of resistance ratio does not hold signi�cance. Absolute value of Vset was always higher than Vreset, however, 
the trends for Vset and Vreset as a function of Icc were not very obvious, and it might be reasonable to state that they 
were rather invariant with Icc in the BRS region, but Vreset became abruptly very high when the sample started to 
show CRS behavior. �e maximum current at the Vreset monotonically increased with increasing Icc (Fig. 6(e)). 
�is was reasonable because the higher Icc during BRS set made the conduction channel, which was believed to be 
di�erent from the CF in URS set state, more conducting.

�e crystallized STO �lm at 500 oC showed slightly di�erent BRS characteristics, as shown in Fig. 7. �e �lm 
crystallized at 400 oC showed similar BRS characteristics as the 500 oC �lm, so the data are not shown. �e crys-
tallized STO �lm showed an identical BRS switching polarity as that of the as-deposited �lm (Fig. 7(a)), while 
the necessary Icc level to observe the �uent BRS was certainly higher than the other case by almost one order of 
magnitude (0.05–1.7 mA). �is was related to higher leakage current of the ex-situ crystallized �lm, as shown in 
Fig. 1(b), i.e. an integral part of the current was just consumed by the leakage current through the bulk region of 
the �lm. Accordingly, the RLRS and RHRS were generally lower than those of the amorphous �lm by approximately 
one order of magnitude (Fig. 7(c)), while the resistance ratio increased with increasing Icc in this case too. �is 
�lm also showed CRS behavior when Icc became higher than 1.9 mA (Fig. 7(b)), which was also accompanied 
with a large decrease in the resistance ratio estimated at ± 0.1 V. Vreset and Vset of this �lm also did not show any 
systematic variation with Icc, but they were generally lower than the other case. It is interesting to note that the 
Vreset and Vset of CRS were of similar magnitude with the BRS regime in this case, whereas it was not the case for 
the as-deposited �lm. Ireset showed an expectable trend, i.e. a linear increase with increasing Icc, and the general 
level of Ireset was higher than the other case, which was consistent with the higher leakage current of this �lm.

�e temperature dependencies of the BRS reset and set states were also examined by measuring their I-V 
curves at various temperatures. For this experiment, the ex-situ crystallized �lm was BRS set with an Icc of 0.5 mA 
and subsequently reset with a minimum reset voltage of − 1.5V as in the case of Fig. 7(a). Figure 8(a) shows the 
I-V curves of the BRS reset sample, where the current was in the order of μA, suggesting that reset had been 
accomplished. �e current increased with increasing temperature (Fig. 8(a) inset), suggesting the semiconduct-
ing nature of the conducting channel. It was certainly di�erent from the highly insulating nature of the pristine 
state, suggesting that the local Sr2Ti6O13 or Sr1Ti11O20 phase CF ruptured region was responsible for the HRS in 
BRS. Figure 8(b) shows the logI - logV plot of the I-V curves, where almost Ohmic current �ows (slope ~ 1) at 
absolute voltages <  ~0.1 V, whereas a slightly higher slope was obtained at higher voltages. �e activation energy 

Figure 6. (a) BRS set and reset switching curves of as-deposited STO �lms with compliance current below 
0.17 mA, and (b) CRS switching curves with compliance current of 0.19 and 0.21 mA. Variations of (c) 
resistance at ± 0.1 V, (d) set and reset voltage, and (e) reset current as a function of compliance current of BRS 
set.
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of the current variation, estimated at < 0.3 V was ~0.01− 0.02 eV with a small variation (Fig. 8(b) inset). Such a 
small activation energy and Ohmic behavior suggested that the current �owed via hopping mechanism. �is was 
consistent with the general view that the BRS reset region contains dispersed defects that mediate the hopping 
current �ow, but the distance between them are long enough not to make a conducting channel32.

Figure 8(c) shows the I-V curves of the BRS set state sample at various temperatures. �e current level was in 
the order of 0.1 mA, suggesting that the BRS set occurred. Interestingly, it also showed slight metallic behavior 
(inset �gure), but in general the temperature trend was less obvious. In addition, the I-V data estimated at 140 oC 
deviated largely from the trend showing the less conducting behavior. �is suggested that the BRS set actually 
corresponded to the transient state in recovering the complete Sr2Ti6O13 or Sr1Ti11O20 phase CF within the CF 
ruptured region. It might be reasonable to assume that the metallic phase and semiconducting phases were inter-
mixed and the metallic phases marginally maintained a connected form at this state. �e quite high measurement 
temperature may disturb the weak connection of the meta-stable Sr2Ti6O13 or Sr1Ti11O20 phase network, and 
the current decreased abruptly, as shown in the �gure. �e logI – log V plot in Fig. 8(d) revealed that the Ohmic 
behavior was maintained up to a slightly higher voltage, which also coincided with the weak CF rupture by URS 
reset of this �lm (weak connection between remaining metallic phases within the active switching region in this 
case).

Finally, preliminary pulse switching (PS) experiments were performed on the ex-situ crystallized (500 oC) 
�lm using the PS setup shown in Fig. 9(a). A�er the sample was electroformed and subsequently reset in the URS 
mode, the sample was pulsed with a 5μs-long positive pulses with di�erent programmed amplitudes, in positive 
bias polarity, which was the BRS set polarity, as shown in Fig. 9(b). Due to the involvement of various parasitic 
components in the circuits as well as non-linearly varying sample resistance with voltage, the accurate estimation 
of the voltage applied to the sample in this setup was quite complicated, so only qualitative variation in oscil-
loscope voltage (VOSC) with time has been focussed here. Memory cell current, including the charging current 
component, can be easily monitored by dividing VOSC with oscilloscope resistance (50 Ω ). Figure 9(b) shows that 
there was hardly any change in the cell resistance for the programmed voltage up to 0.3 V, s o the sample showed 
simple capacitive charging (near time ~0s) and discharging (near time ~5μs) peaks. However, at the programmed 
voltage of 0.4 V, there was a sudden increase in VOSC at ~2.5 s, which indicated that the sample was switched into 
the BRS set state. With further increase in the programmed voltage up to 0.5 V, the switching time shortened and 
at 0.6 V, the memory cell showed an almost instantaneous switching to LRS even before the capacitive charging 
ended. However, for all cases, signi�cant discharging peaks were always observed even for the highest program 
voltage on termination of voltage pulse, suggesting that a substantial amount of charge remained stored even 
a�er the BRS set. �is was quite a di�erent situation from the URS set, where almost all the stored charges were 
drained o� through the formed CF and no discharging peak appeared71. Yoon et al.67 reported that the conduct-
ing channel formed at the URS reset region by the BRS set had limited conductance, so similar discharging peak 

Figure 7. (a) BRS set and reset switching curves of 500oC annealed STO �lms with compliance current below 
1.7 mA, and (b) CRS switching curves with compliance current over 1.9 mA. Variations of (c) Resistance at 
± 0.1V, (d) set and reset voltage, and (e) reset current as a function of compliance current of BRS set.
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could be observed in TiO2 �lm. �is meant that the formed conduction channel during the BRS set operation 
di�ered from the CFs formed by the URS set.

�e dependence of the switching time on the program voltage was further examined in Fig. 9(c,d), where 
the voltage pulse duration was shortened to 0.5 μs and 0.25 μs, respectively. In these short periods of time, the 
evident change in VOSC, as in the case of Fig. 9(b), was not observed. However, the current decay rate a�er the 
termination of pulse was certainly di�erent when BRS set occurred. In Fig. 9(c,d), the red curves for 0.6 V and 
0.9 V, respectively, (inset shows enlarged portion) indicate that the delay time constant (RC time constant) was 
certainly smaller than the other cases, implying a decrease in resistance. �e currents, measured at applied bias of 
0.1V which is low enough not to induce any BRS, before and a�er the PS tests, indicated that the resistance was 
varied from ~1,500 to ~90 (Fig. 9(c)) and from ~1,600 to ~100 (Fig. 9(d)). �ese results revealed that the BRS 
switching time decreased with increasing pulse voltage, which was in accordance with the general trend in oxide 
RS materials. However, the present method cannot provide accurate information on the precise voltage – switch-
ing time relationship.

Figure 8.  Current versus applied bias plots of STO �lms (a) a�er URS reset (also coincide with BRS reset) and 
(c) a�er BRS set. Log scale plots of the equivalent data (b) to URS reset and (d) to BRS set. Inset �gures in (a,c) 
are the enlarged plots of (a,c) within ± 0.3 V. Inset �gure in (b) is the Arrhenius plot of current of STO �lms a�er 
URS reset. Numbers near the right axis indicate the voltages at which each current was estimated.
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Similarity in BRS behavior and general emergence of CRS at higher Icc values from the as-deposited amorphous 
and ex-situ crystallized STO �lms suggested that the RS in these materials occurs at several localized portions 
of the �lm, and the localized switching regions share quite similar properties in terms of RS. As previously men-
tioned, the BRS in these �lms was always triggered from the URS reset state, so discussion on the formation of 
CFs and their rupture in URS must be provided �rst. Oxide RS systems was composed of amorphous or crys-
talline RS layers, and polycrystalline electrodes, which inevitably encompass interfacial inhomogeneity, such as 
defects, local stresses, and protrusions. �ese heterogeneities induce localized current �ow during the electro-
forming and subsequent RS steps. Such localized current can induce local Joule heating, so that even the amor-
phous �lm can be locally heated up to a quite high temperature which can crystallize that portion, in addition to 
the simultaneous formation of local CFs. It is believed that this is also the case for the ALD STO �lms in this work. 
�e relatively open grain boundaries in ex-situ crystallized �lm might have provided local spots where current 
�owed mainly in the electroforming step, which then heated up that portion, thereby causing easy migration of 
oxygen atoms. (See Fig. S6 of on-line SI) �is eventually formed the highly nonstoichiometric phases like the CFs, 
as elucidated in the previous section. For amorphous STO �lm, the localized current might have caused local 
crystallization of the �lm, and the boundary region between the crystalline phase and amorphous matrix could 
play the similar role as the grain boundaries in ex-situ crystallized �lm.

It is now widely accepted that the CFs in many oxide RS cells do not have uniform cross-sectional area and 
shape along their length direction. �ey could be either conical, dual conical or even hour-glass shaped72,73. 
Regardless of the shape, there is always a weaker part along their length direction, and the weaker part is responsi-
ble for the set and reset during repeated switching, whereas the rest stronger parts remained quite intact. In n-type 
oxide, such as TiO2, it has been reported that the CFs might have conical shape with the thicker part located near 
the cathode interface, so the weaker part near the anode interface was actually responsible for the switching 
(URS)6,74. A similar model can be also applied in the current work. When the Pt/TiN TE was negatively biased, 
oxygen ions in the �lm were pushed toward the BE Pt, and several local spots, mainly near the grain boundary or 

Figure 9. (a) Schematic diagram of the pulse switching circuit employed in this study. Voltage of oscilloscope 
versus time plots when voltage pulse of duration (b) 5μs, (c) 0.5μs, and (d) 0.25μs with various height were 
applied to 500 oC annealed STO �lm. Inset �gures of (c,d) are the enlarged plots of discharging peaks.
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amorphous/crystalline interface, started to become devoid of su�cient oxygen. In this case, VO’s were generated 
at the STO/BE interface and were moved toward the TE interface. When su�cient number of VO’s accumulated at 
the STO/TiN interface, in conjunction with the Sr-de�cient composition there because of the intermixing of STO 
and TiN, the �lm started to form highly non-stoichiometric Sr2Ti6O13 or Sr1Ti11O20 phase that extended toward 
the BE interface. �erefore, it is reasonable to assume that the Sr2Ti6O13 or Sr1Ti11O20 phase CFs had a conical 
shape where the thicker portion was in contact with the TiN TE, whereas the weaker portion made contact with 
Pt BE. It must be noted that TiN is generally much more impermeable to oxygen than Pt. Unfortunately, the 
HRTEM images (Fig. 3) did not reveal this geometrical shape clearly probably due to the involvement of many 
other interfering image e�ects. However, it was quite obvious that the CFs did not have a straight shape. �us, it 
might be reasonable to assume that the Sr2Ti6O13 or Sr1Ti11O20 phase CFs in this work also had a conical (if not, at 
least not uniform diameter along the length) shape in general.

�is model of the formation process of CFs in this asymmetric electrode system also elucidates the reason why 
electroforming with the positive bias to TE was not successful; under this circumstance, oxygen ions must pene-
trate through the TiN layer within the TE which was not very feasible compared with the opposite case. In addi-
tion, Sr-de�cient region was near the TE interface, so formation of the non-stoichiometric Sr2Ti6O13 or Sr1Ti11O20 
phase at the BE interface and their extension to the TE interface was highly improbable under this circumstance. 
For the case of symmetric Pt/TiO2/Pt case, the conical shaped CFs could be con�rmed from the series-connected 
memory cell experiment74. However, the asymmetric electrode con�guration, which was originally designed to 
impose the RS cell with appropriate asymmetry to induce BRS, did not allow such series connection experiment.

It can be therefore assumed that during subsequent URS reset I-V sweep, the portion of CFs near the BE 
interface was ruptured while the stronger portion near TE interface remained rather intact, as shown in the le� 
most diagram of Fig. 10. �e CF ruptured region must contain relatively high VO concentration, which was used 
to form the conducting channel during the subsequent BRS operation. It must be noted that the restriction of 
Icc to the much lower value compared with the electroforming or URS set during the BRS set prohibited the full 
rejuvenation of Sr2Ti6O13 or Sr1Ti11O20 phase CFs. �e operation of usual BRS (set in positive bias and reset in 
negative bias) can be readily explained by the repetition of the process indicated by the upper arrow in Fig. 10; the 
BRS set corresponded to the movement of some of VO from the remaining Sr2Ti6O13 or Sr1Ti11O20 phase CFs into 
the CF ruptured region regaining conductance to a certain degree with the possible partial recovery of Sr2Ti6O13 
or Sr1Ti11O20 phase, and the BRS reset corresponded to the recollection of these migrated VO’s back into the 
remaining CF. �e emergence of CRS can be represented by the lower arrows in the �gure. In this case, the high Icc 
allowed further migration of VO’s toward the opposite interface a�er they connected the ruptured region tempo-
rarily. Such CRS can be induced only when the available density of VO’s was limited and su�cient driving force for 
their migration was available75. It is believed that the ordered crystalline structure of Sr2Ti6O13 or Sr1Ti11O20 phase 
CFs allowed only a certain amount of VO’s to move away from them during the BRS set (or CRS set), and when the 
driving force was su�cient, which was provided by the higher Icc, those limited amount of VO’s were swept across 
the CF ruptured region, as shown in the middle diagram of Fig. 10. When negative bias was applied to TiN TE, the 
oxygen vacancies migrated back to the CF and the reverse situation caused a high resistance state of device with 
intermediate low resistance state. It might be argued that the TEM images in Fig. 3 did not con�rmed the conical 
shaped CF assumed in this discussion, but just a non-uniform CF con�guration. As previously mentioned, many 
interfering e�ects in HRTEM observation, due to the con�ned con�guration of CFs in STO matrix, prohibited 
the precise identi�cation of the CF shape by TEM. Nevertheless, various electrical test results depending on the 
bias polarity supported that the conical shape of the CFs is a reasonable assumption.

In conclusion, the structure and electrical characteristics of RS memory cell composed of 11nm-thick amor-
phous or ex-situ crystallized STO �lms as the switching layer and Pt/TiN TE and Pt BE were examined. �e 
memory cell showed �uent electroforming only when a negative bias was applied to TE, and subsequent BRS 
could be achieved with set and reset in positive and negative biases, respectively. Extensive and careful examina-
tion of the electroformed ex-situ crystallized sample through HRTEM and FFT technique revealed that the CFs, 
which were responsible for the metallic conductivity (increasing resistance with increasing temperature), were 
presumably composed of Sr2Ti6O13 or Sr1Ti11O20 phase. �ese phases were mainly present at the grain boundaries 
of the ex-situ crystallized �lm, and are supposed to be present at the boundary between the amorphous-matrix 
and local crystalline phases as well. �ey were formed by the local current �ow and subsequent Joule heating in 
the as-deposited amorphous �lm. �e �uent BRS was induced from the URS reset state of the STO �lm, both 
in the as-deposited and ex-situ crystallized �lms. It is believed that the local CF ruptured region near the Pt BE, 

Figure 10. Schematic diagram of possible mechanisms for BRS and CRS switching in STO �lm. �e le� 
most image in this �gure signi�es post URS reset state.
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which was due to the conical shape of the CFs with weaker part near the BE interface, partly recovered the elec-
trical conductivity through VO migration from the remaining CFs during the BRS set. BRS reset corresponded to 
the recollection of VO into the remaining CF, suggesting that the remaining CF acted as a VO reservoir. However, 
it was also found that the role of CF as the VO reservoir was limited, so a large Icc during BRS set induced CRS 
behaviour, which could be induced by the sweep of the aggregate of VO’s across the CF-ruptured region.

Methods
A 50nm-thick Pt bottom electrode was prepared on sputtered 20nm TiO2/300nm SiO2/Si substrate by DC sput-
tering (Gmek Co.). STO �lms were deposited as RS layer in traveling-wave-type ALD reactor (CN-1 Co., Plus 
100) with 4-inch-diameter scale. Sr(iPr3Cp)2 (synthesized by Air Liquide Co.), (canister was heated to 90 oC to 
obtain the appropriate vapour pressure) was employed as Sr-precursor for SrO deposition with the assistance 
of H2O (the canister was cooled to 5 oC) as oxygen source. Here, iPr and Cp represent isopropyl and cyclopen-
tadienyl ligands, respectively. Ti(CpMe5)(OMe)3 (synthesized by Air Liquide Co), (canister was heated to 80 oC 
to obtain the appropriate vapour pressure), was used as Ti-precursor with high density (~250g/m3) O3 as oxy-
gen source to deposit TiO2 layer. Here, CpMe and OMe represent methylcyclopentadienyl and methoxy ligands, 
respectively. Ar carrier gas �owed through the canisters of precursors at a �ow rate of 200 standard cubic cen-
timeters per min. and the process pressure was ~0.7 Torr. 3 s precursor injection, 5 s Ar purge, 2 s oxygen source 
injection, and 5 s Ar purge, which were con�rmed as the saturated ALD condition, constructed one deposition 
cycle of SrO of TiO2

11,13. One STO deposition cycle consisted of one TiO2 cycle and subsequent one SrO cycle for 
deposition of stoichiometric cation composition of STO �lms. A 12-nm-thick STO �lm was grown on Pt layer 
by 42 STO ALD cycles. Rapid thermal annealing (RTA) system maintained at 400 oC or 500 oC for 2min in the 
N2 atmosphere (purity > 99.99%) to produce STO �lms with a variety in crystallinity. With shadow mask (hole 
diameter 0.3mm), 5-nm-thick TiN was patterned on STO layer by reactive sputtering and 50 nm Pt was subse-
quently deposited on TiN by DC sputtering for stable probing. �e consecutive layers of RS device were (top) Pt/
TiN/STO/Pt (bottom) on TiO2/SiO2/Si substrate.

�e layer density and cation composition of the STO �lms were con�rmed by X-ray �uorescent spectroscopy 
(XRF, �emoscienti�c, ARL Quant’X). �e physical thickness of the STO �lms was measured using an ellipsom-
eter (Gaertner Scienti�c Corporation, L116D). �e crystal structure of the �lm was investigated by grazing angle 
incidence X-ray di�raction, using a Cu Kα  X-ray source (PANalytical, X’Pert Pro). �e incidence angle, scan 
step size, and time per step during the GAXRD measurement were 2°, 0.02° and 1 s, respectively. �e microstruc-
ture of the �lms was analysed using a high-resolution transmission electron microscopies (JEOL, JEM-2100F). 
�e high-angle annular dark �eld images in scanning TEM and energy dispersive spectroscopy analyses were 
obtained by a second TEM (FEI, Talos F200X). �e surface morphologies of �lms were con�rmed by AFM (Jeol, 
JSPM-5200) and the localized conduction paths of STO �lm were investigated by CAFM (JEOL, JSPM-5200) 
measurement where the bottom electrode was positively biased and Pt-coated cantilever was grounded. �e I-V 
curve was obtained by the semiconductor parameter analyser (HP 4145B) with conventional probe station. Pulse 
generator (HP 81110A) and oscilloscope (Tektronox 684C) were used for evaluation of electrical property in the 
case of pulse switching.

References
1. Waser, R., Dittmann, R., Staikov, G. & Szot, K. Redox-Based Resistive Switching Memories – Nanoionic Mechanisms, Prospects, and 

Challenges. Adv. Mater. 21, 2632–2663 (2009).
2. Waser, R. & Aono, M. Nanoionics-based resistive switching memories. Nat Mater 6, 833–840 (2007).
3. Sawa, A. Resistive switching in transition metal oxides. Mater. Today 11, 28–36 (2008).
4. Cho, B., Song, S., Ji, Y., Kim, T.-W. & Lee, T. Organic Resistive Memory Devices: Performance Enhancement, Integration, and 

Advanced Architectures. Adv. Funct. Mater. 21, 2806–2829 (2011).
5. Kim, K. M., Jeong, D. S. & Hwang, C. S. Nano�lamentary resistive switching in binary oxide system; a review on the present status 

and outlook. Nanotechnology 22, 254002 (2011).
6. Kwon, D.-H. et al. Atomic structure of conducting nano�laments in TiO2 resistive switching memory. Nat Nano 5, 148–153 (2010).
7. Kim, K. M. et al. A detailed understanding of the electronic bipolar resistance switching behavior in Pt/TiO2/Pt structure. 

Nanotechnology 22, 254010 (2011).
8. Lee, M.-J. et al. A fast, high-endurance and scalable non-volatile memory device made from asymmetric Ta2O5−x/TaO2−x bilayer 

structures. Nat Mater 10, 625–630 (2011).
9. Wang, M. et al. �ermoelectric Seebeck e�ect in oxide-based resistive switching memory. Nat Commun 5, 4598 (2014).

10. Kim, S. K. et al. Capacitors with an Equivalent Oxide �ickness of < 0.5 nm for Nanoscale Electronic Semiconductor Memory. Adv. 
Funct. Mater. 20, 2989–3003 (2010).

11. Lee, S. W. et al. Atomic Layer Deposition of SrTiO3 �in Films with Highly Enhanced Growth Rate for Ultrahigh Density Capacitors. 
Chem. Mater. 23, 2227–2236 (2011).

12. Lee, W. et al. Controlling the initial growth behavior of SrTiO3 �lms by interposing Al2O3 layers between the �lm and the Ru 
substrate. J. Mater. Chem. 22, 15037–15044 (2012).

13. Lee, W. et al. Atomic Layer Deposition of SrTiO3 Films with Cyclopentadienyl-Based Precursors for Metal–Insulator–Metal 
Capacitors. Chem. Mater. 25, 953–961 (2013).

14. Lee, W. et al. Improved Initial Growth Behavior of SrO and SrTiO3 Films Grown by Atomic Layer Deposition Using {Sr(demamp)
(tmhd)}2 as Sr-Precursor. Chem. Mater. 27, 3881–3891 (2015).

15. Swerts, J. et al. Leakage Control in 0.4-nm EOT Ru/SrTiOx/Ru Metal-Insulator-Metal Capacitors: Process Implications. IEEE 
Electron Device Lett. 35, 753–755 (2014).

16. Longo, V., Leick, N., Roozeboom, F. & Kessels, W. M. M. Plasma-Assisted Atomic Layer Deposition of SrTiO3: Stoichiometry and 
Crystallinity Studied by Spectroscopic Ellipsometry. ECS Journal of Solid State Science and Technology 2, N15–N22 (2013).

17. Jiang, A. Q., Lee, H. J., Kim, G. H. & Hwang, C. S. �e Inlaid Al2O3 Tunnel Switch for Ultrathin Ferroelectric Films. Adv. Mater. 21, 
2870–2875 (2009).

18. Scott, J. F. & Paz de Araujo, C. A. Ferroelectric Memories. Science 246, 1400–1405 (1989).
19. Beck, A., Bednorz, J. G., Gerber, C., Rossel, C. & Widmer, D. Reproducible switching effect in thin oxide films for memory 

applications. Appl. Phys. Lett. 77, 139–141 (2000).



www.nature.com/scientificreports/

1 5SCIENTIFIC REPORTS

20. Szot, K., Speier, W., Bihlmayer, G. & Waser, R. Switching the electrical resistance of individual dislocations in single-crystalline 
SrTiO3. Nat Mater 5, 312–320 (2006).

21. Shen, W., Dittmann, R., Breuer, U. & Waser, R. Improved endurance behavior of resistive switching in (Ba,Sr)TiO3 thin �lms with W 
top electrode. Appl. Phys. Lett. 93, 222102 (2008).

22. Muenstermann, R. et al. Realization of regular arrays of nanoscale resistive switching blocks in thin �lms of Nb-doped SrTiO3. Appl. 
Phys. Lett. 93, 023110 (2008).

23. Muenstermann, R., Menke, T., Dittmann, R. & Waser, R. Coexistence of Filamentary and Homogeneous Resistive Switching in Fe-
Doped SrTiO3 �in-Film Memristive Devices. Adv. Mater. 22, 4819–4822 (2010).

24. Rodenbücher, C., Wicklein, S., Waser, R. & Szot, K. Insulator-to-metal transition of SrTiO3:Nb single crystal surfaces induced by 
Ar+  bombardment. Appl. Phys. Lett. 102, 101603 (2013).

25. Menzel, S. et al. Origin of the Ultra-nonlinear Switching Kinetics in Oxide-Based Resistive Switches. Adv. Funct. Mater. 21, 
4487–4492 (2011).

26. Dittmann, R. et al. Scaling Potential of Local Redox Processes in Memristive SrTiO3 �in-Film Devices. Proc. IEEE 100, 1979–1990 
(2012).

27. Lenser, C. et al. Formation and Movement of Cationic Defects During Forming and Resistive Switching in SrTiO3 �in Film 
Devices. Adv. Funct. Mater., doi: 10.1002/adfm.201500851 (2015).

28. Keeble, D. J. et al. Nonstoichiometry accommodation in SrTiO3 thin �lms studied by positron annihilation and electron microscopy. 
Physical Review B 87, 195409 (2013).

29. Du, H. et al. Atomic structure and chemistry of dislocation cores at low-angle tilt grain boundary in SrTiO3 bicrystals. Acta Mater. 
89, 344–351 (2015).

30. Du, H. et al. Atomic Structure of Antiphase Nanodomains in Fe-Doped SrTiO3 Films. Adv. Funct. Mater., doi: 10.1002/
adfm.201500852 (2015).

31. Kim, K. M., Park, T. H. & Hwang, C. S. Dual Conical Conducting Filament Model in Resistance Switching TiO2 �in Films. Sci. Rep. 
5, 7844 (2015).

32. Yoon, K. J. et al. Ionic bipolar resistive switching modes determined by the preceding unipolar resistive switching reset behavior in 
Pt/TiO2/Pt. Nanotechnology 24, 145201 (2013).

33. Szot, K. et al. TiO2 —a prototypical memristive material. Nanotechnology 22, 254001 (2011).
34. Choi, G. M. & Tuller, H. L. Defect Structure and Electrical Properties of Single-Crystal Ba0.03Sr0.97TiO3. J. Am. Ceram. Soc. 71, 

201–205 (1988).
35. Waser, R. Bulk Conductivity and Defect Chemistry of Acceptor-Doped Strontium Titanate in the Quenched State. J. Am. Ceram. 

Soc. 74, 1934–1940 (1991).
36. Shanthi, N. & Sarma, D. D. Electronic structure of electron doped SrTiO3: SrTiO3-δ and Sr1-xLaxTiO3. Physical Review B 57, 

2153–2158 (1998).
37. Tilley, R. J. D. An electron microscope study of perovskite-related oxides in the SrTiO system. J. Solid State Chem. 21, 293–301 

(1977).
38. Udayakumar, K. R. & Cormack, A. N. Structural Aspects of Phase Equilibria in the Strontium-Titanium-Oxygen System. J. Am. 

Ceram. Soc. 71, C469–C471 (1988).
39. Fujimoto, M. & Watanabe, M. TinO2n−1 Magnéli phase formation in SrTiO3 dielectrics. J Mater Sci 20, 3683–3690 (1985).
40. Takehara, K., Sato, Y., Tohei, T., Shibata, N. & Ikuhara, Y. Titanium enrichment and strontium depletion near edge dislocation in 

strontium titanate [001]/(110) low-angle tilt grain boundary. J Mater Sci 49, 3962–3969 (2014).
41. Potzger, K. et al. Defect-induced ferromagnetism in crystalline SrTiO3. J. Magn. Magn. Mater. 323, 1551–1562 (2011).
42. Schmachtel, J. & Mueller-Buschbaum, H. K. Oxotitanates with Mixed Valence, II About Sr2Ti6013. Z. Naturforsch. B 35, 4–6 (1980).
43. Liu, C. M., Zu, X. T. & Zhou, W. L. Photoluminescence of nitrogen doped SrTiO3. J. Phys. D: Appl. Phys. 40, 7318 (2007).
44. Xu, W. et al. Oxygen vacancy induced photoluminescence and ferromagnetism in SrTiO3 thin �lms by molecular beam epitaxy. J. 

Appl. Phys. 114, 154106 (2013).
45. Blennow, P., Hansen, K. K., Wallenberg, L. R. & Mogensen, M. E�ects of Sr/Ti-ratio in SrTiO3-based SOFC anodes investigated by 

the use of cone-shaped electrodes. Electrochim. Acta 52, 1651–1661 (2006).
46. Nestler, T. et al. Increased cubic–tetragonal phase transition temperature and resistivity hysteresis of surface vacuum annealed 

SrTiO3. Appl. Phys. A 105, 103–109 (2011).
47. Hessen, B., Sunshine, S. A. & Siegrist, T. New reduced ternary titanates from borate �uxes. J. Solid State Chem. 94, 306–312 (1991).
48. Sunshine, S. A., Hessen, B., Siegrist, T., Fiory, A. T. & Waszczak, J. V. Structure and Properties of Reduced Early Transition Metal 

Oxide Single Crystals Grown from Borate Fluxes. In EPRINTS-BOOK-TITLE. University of Groningen, Stratingh Institute for 
Chemistry. (1991) Available at: http://irs.ub.rug.nl/dbi/4357afc42165a. (Accessed: 11th June 2015).

49. Gaponenko, N. V. et al. Inhomogeneous nanostructured honeycomb optical media for enhanced cathodo- and under-x-ray 
luminescence. J. Appl. Phys. 111, 103101 (2012).

50. Park, J. et al. In�uence of oxygen pressure and aging on LaAlO3 �lms grown by pulsed laser deposition on SrTiO3 substrates. Appl. 
Phys. Lett. 104, 081604 (2014).

51. McCarthy, G. J., White, W. B. & Roy, R. Phase Equilibria in the 1375°C Isotherm of the System Sr-Ti-O. J. Am. Ceram. Soc. 52, 
463–467 (1969).

52. Lee, S. W., Han, J. H., Kwon, O. S. & Hwang, C. S. In�uences of a Crystalline Seed Layer during Atomic Layer Deposition of SrTiO3 
�in Films Using Ti(O-iPr)2(thd)2, Sr(thd)2, and H2O. J. Electrochem. Soc. 155(11) G253–G257 (2008).

53. Choi, B. J. et al. Resistive switching mechanism of TiO2 thin �lms grown by atomic-layer deposition. J. Appl. Phys. 98(3), 033715 
(2005).

54. Shin, Y. C. et al. Bias polarity dependent local electrical conduction in resistive switching TiO2 thin �lms, Phys. Status Solidi RRL 
 4(5) 112–114 (2010).

55. Kresse, G. & Furthmüller, J. E�cient iterative schemes for ab initio total-energy calculations using a plane-wave basis set. Phys. Rev. 
B 54, 11169 (1996).

56. Kresse, G. & Furthmüller, J. E�ciency of ab-initio total energy calculations for metals and semiconductors using a plane-wave basis 
set. Comput. Mater. Sci. 6, 15 (1996).

57. Perdew, J. P., Burke, K. & Ernzerhof, M. Generalized Gradient Approximation Made Simple. Phys. Rev. Lett. 77, 3865 (1996).
58. Dudarev, S. L., Botton, G. A., Savrasov, S. Y., Humphreys, C. J. & Sutton, A. P. Electron-energy-loss spectra and the structural 

stability of nickel oxide: An LSDA+ U study. Phys. Rev. B 57, 1505 (1998).
59. Heyd, J., Scuseria, G. E. & Ernzerhof, M. Hybrid functionals based on a screened Coulomb potential. J. Chem. Phys. 118, 8207 

(2003). erratum. 124, 219906 (2006).
60. Van Benthem, K., Elsässer, C. & French, R. Bulk electronic structure of SrTiO3: Experiment and theory. J. Appl. Phys. 90, 6156 

(2001).
61. Monkhorst, H. J. & Pack, J. D. Special points for Brillouin-zone integrations. Phys. Rev. B 13, 5188 (1976).
62. Abramov, Y. A., Tsirelson, V., Zavodnik, V., Ivanov, S. & Brown, I. �e Chemical Bond and Atomic Displacements in SrTiO3 from 

X-ray Di�raction Analysis. Acta Cryst. B. 51, 942 (1995).
63. Schmachtel, J. & Mueller-Buschbaum, H. K. Oxotitanates with Mixed Valence, II About Sr2Ti6013. Z. Naturforsch. B 35, 4–6 (1980).
64. Hessen, B., Sunshine, S. & Siegrist, T. New reduced ternary titanates from borate �uxes. J. Solid State Chem. 94, 306 (1991).



www.nature.com/scientificreports/

1 6SCIENTIFIC REPORTS

65. Smith, J. Development of a New Material: Monolithic Ti4O7 Ebonex Ceramic. 33–36 (Royal Society of Chemistry, 2001).
66. Tenne, D. A. et al. Raman study of oxygen reduced and re-oxidized strontium titanate. Physical Review B 76, 024303 (2007).
67. Yoon, K. J. et al. Evolution of the shape of the conducting channel in complementary resistive switching transition metal oxides. 

Nanoscale 6, 2161–2169 (2014).
68. Linn, E., Rosezin, R., Kugeler, C. & Waser, R. Complementary resistive switches for passive nanocrossbar memories. Nat Mater 9, 

403–406 (2010).
69. Nardi, F., Balatti, S., Larentis, S., Gilmer, D. C. & Ielmini, D. Complementary Switching in Oxide-Based Bipolar Resistive-Switching 

Random Memory. Electron Devices, IEEE Transactions on 60, 70–77 (2013).
70. Mojarad, S. A. et al. Anomalous resistive switching phenomenon. J. Appl. Phys. 112, 124516 (2012).
71. Song, S. J. et al. Identi�cation of the controlling parameter for the set-state resistance of a TiO2 resistive switching cell. Appl. Phys. 

Lett. 96, 112904 (2010).
72. Kim, K. M. et al. Electrically con�gurable electroforming and bipolar resistive switching in Pt/TiO2/Pt structures. Nanotechnology 

21, 305203 (2010).
73. Degraeve, R. et al. Dynamic ‘hour glass’; model for SET and RESET in HfO2 RRAM. VLSI Technology (VLSIT), 2012 Symposium 

75-76; doi: 10.1109/VLSIT.2012.6242468 (2012).
74. Kim, K. M. & Hwang, C. S. �e conical shape �lament growth model in unipolar resistance switching of TiO2 thin �lm. Appl. Phys. 

Lett. 94, 122109 (2009).
75. Yoon, K. J. et al. Memristive tri-stable resistive switching at ruptured conducting �laments of a Pt/TiO2/Pt cell. Nanotechnology 23, 

185202 (2012).

�is work was supported by the Global Research Laboratory Program (2012040157) of the Ministry of Science, 
ICT of the Republic of Korea. I. W. Yeu and J. -H. Choi were supported by the Future Semiconductor Device 
Technology Development Program [10048490] funded by MOTIE (Ministry of Trade, Industry & Energy) and 
KSRC (Korea Semiconductor Research Consortium).

W.L. designed and performed the overall experiment including sample preparation and analyses. S.Y. analyzed 
HRTEM and STEM. K.J.Y. performed the electrical measurements and discussed the technical contexts. H.J.C. 
performed STEM analysis with EDS. I.W.Y and J.-H.C. performed the ab-initio calculations. J.-H.C., S.H.-E. and 
R.W. helped preparing the manuscript. C.S.H. arranged and supervised all the experiments and took charge of the 
manuscript preparation. All the authors reviewed the manuscript.

Supplementary information accompanies this paper at http://www.nature.com/srep

Competing �nancial interests: �e authors declare no competing �nancial interests.

How to cite this article: Lee, W. et al. Resistance switching behavior of atomic layer deposited SrTiO3 �lm 
through possible formation of Sr2Ti6O13 or Sr1Ti11O20 phases. Sci. Rep. 6, 20550; doi: 10.1038/srep20550 (2016).

�is work is licensed under a Creative Commons Attribution 4.0 International License. �e images 
or other third party material in this article are included in the article’s Creative Commons license, 

unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license, 
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this 
license, visit http://creativecommons.org/licenses/by/4.0/


