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Towards developing next generation scalable TiO,-based resistive switching (RS) memory devices,
the efficacy of 50keV Ar-ion irradiation to achieve self-organized nano-channel based structures
at a threshold fluence of 5 x 10'®ions/cm?® at ambient temperature is presented. Although x-ray dif-
fraction results suggest the amorphization of as-grown TiO, layers, detailed transmission electron
microscopy study reveals fluence-dependent evolution of voids and eventual formation of self-
organized nano-channels between them. Moreover, gradual increase of TiO/Ti,Oj3 in the near sur-
face region, as monitored by x-ray photoelectron spectroscopy, establishes the upsurge in oxygen
deficient centers. The impact of structural and chemical modification on /ocal RS behavior has also
been investigated by current-voltage measurements in conductive atomic force microscopy, while
memory application is manifested by fabricating Pt/Ti0,/Pt/Ti/SiO,/Si devices. Finally, the underly-
ing mechanism of our experimental results has been analyzed and discussed in the light of oxygen
vacancy migration through nano-channels. © 2015 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4936961]

I. INTRODUCTION

Exponential increase in world’s technological information
and high speed computation' demands next generation non-
volatile memory devices with enhanced data storage density
and speed in conjunction with good endurance and retention.”
To meet the requirements, resistive switching (RS)-based
nanoscale memory devices have emerged as one of the poten-
tial candidates that work with the electric field-induced SET
(i.e., switching to low resistance state, LRS) followed by a
complementary RESET process (i.e., switching from LRS to
high resistance state, HRS).> Among various materials such as
metal—oxides,2 chalcogenides,4 and carbon-based materials,”®
transition metal-oxides (TMO) have extensively been investi-
gated for developing RS devices and also for understanding
the underlying mechanisms®’® in the light of electric field-
induced formation of conducting filaments (CF) by oxygen
vacancy (OV) migration,” phase change,'® electrochemical
metallization,'" charge trapping/detrapping,'*'® and Schottky
barrier modulation.'*

In metal/TMO/metal heterostructure-based RS devices,
OVs are naturally formed in the TMO layers during thin film
deposition processes and hence OV-based switching mecha-
nisms are frequently invoked.'> The formation of vacancies
are greatly influenced, manipulated, and controlled by differ-
ent deposition or preparation techniques and conditions,
leading to oxygen-deficient layers like metal/MO,/MO;_,/
metal, etc.'® In this respect, TiO, has extensively been
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explored from the inception of the RS devices. Although, till
now several approaches have been made, including a recent
one showing the introduction of oxygen deficiencies in sput-
ter deposited TiO, layers via change in oxygen partial pres-
sure.'” However, most of them are lacking depth-dependent
control over OVs. Therefore, it is important to perform a sys-
tematic study to control the formation of OVs as a function
of depth. Ion implantation (compatible with current Si tech-
nology)'’™** technique is a powerful method for creating
such depth-dependent defects by dislodging atoms, espe-
cially oxygen atoms in the active TiO, layer in a controlled
way with the help of a suitable low energy ion beam. In fact,
it was shown that ion beam technique can also be used for
creating an oxygen-gradient layer in the MO matrix, and in
turn introducing RS effect.”

In this article, we show how 50keV Ar'-ions can intro-
duce depth-dependent OVs in TiO, layers and achieve the
local RS property. We further show how the structure is
amorphized by ion irradiation, while microstructural study
shows an evolution of fluence-dependent voids and self-
organized OV gradient nano-channels in TiO, layers, espe-
cially between voids at 5 x 10'®jons/cm®. This is further
corroborated with x-ray photoelectron spectroscopy (XPS),
demonstrating gradual development of TiO/Ti,O; near
the surface with increasing ion fluence. Finally, we will
show how such surface oxygen-deficient layer and nano-
channels together can bring the local RS phenomenon, evi-
denced by conductive atomic force microscopy (c-AFM),
and discuss it in the light of electric field driven migration
of OVs through the nano-channels.

© 2015 AIP Publishing LLC
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Il. EXPERIMENT

To understand the RS behavior, 80 nm thick TiO, films
were grown at room temperature (RT) on as-received Pt/Ti/
SiO,/Si  substrates by 100W RF sputtering (Excel
Instruments) using a 6 mm thick 2in. TiO, target (MTI
corp., purity 99.99%). The substrate-to-target distance was
kept at 13 cm with a substrate rotational speed of 9 rpm. The
chamber base pressure was ~1 x 10~ Torr, while the work-
ing pressure was maintained at 8 mTorr. High purity oxygen
gas was purged into the chamber with a rate of 12 sccm for
controlling the stoichiometry of the TiO, layer, while Ar (pu-
rity 99.99%) was used as a carrier gas with a flow rate of 30
sccm. Prior to TiO, thin film deposition, the Pt/Ti/SiO,/Si
substrates were ultrasonically cleaned with acetone followed
by methanol for 10 min each.

The influences of incident ion energy and fluence in
TiO, were studied by Tridyn,?' while the vacancy distribu-
tion and penetration depth of ions were predicted by SRIM
calculations.”” In order to create the oxygen gradient layers
in the oxide matrix, 50keV Ar"-ion beam was selected from
these calculations. The as-grown samples were irradiated at
RT under normal incidence with different fluences in the
range of (0.05-5) x 10'®ions/cm?. The ion beam current and
jon flux were ~1 A and ~6.25 x 10'?ions/cm?s, respec-
tively. It may be noted that the sample holder having thick
copper block was used for irradiation and the ion flux used
is much lower than that needed to rise in temperature of
the sample surface; details can be found in Refs. 23 and 24.
Hence, we did not cool down the thick copper sample holder
(behaving as a heat sink) by water and/or LN, during ion
irradiation by scanning the beam over an area larger than the
sample for uniformity of the ion beam over the sample. The
fluence is calculated per cm? by dividing the total dose by
the actual scanned area of the ion beam. Here, the pristine
sample is referred by SO, whereas the samples irradiated
with fluences of 5x 10", 1x 10", 5x 10", 1 x 10'°, and
5 x 10'®jons/cm? are represented by S1, S2, S3, S4, and S5,
respectively.

The structural characterizations were performed by
grazing-incidence x-ray diffraction, GIXRD (Bruker D8
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Discover) with an incidence angle of 0.5°. Microstructures
were examined by 300keV FEI Tecnai G* S-Twin transmis-
sion electron microscopy (TEM) in cross-sectional geometry.
Surface chemical analyses were carried out using Mg-K,
(wavelength =9.89 A) source in an XPS system (VSW Ltd.,
UK) integrated with a hemispherical analyzer of radius
~150 mm, attached in a gas aggregation type nanocluster dep-
osition system.”> The base pressure in the XPS chamber was
5% 10 '""mbar and during experiment vacuum was main-
tained at 5x 10~ mbar. Since atomic force microscopy
(AFM) and its complimentary ¢c-AFM are known to be power-
ful tools to examine the grains and local electrical proper-
ties,>*?” surface morphology and current mapping have also
been studied by Park XE-7 in both AFM and ¢c-AFM modes,
respectively.”?**° For investigating the RS behavior locally,
current-voltage (/-V) measurements were carried out by swip-
ing the applied potential between the movable top electrode
(i.e., conducting Pt/Ir c-AFM tip with radius of curvature of
~40nm) and Pt rear-contact with a current compliance of
10nA. For device testing, standard Pt/TiO,/Pt/Ti/SiO,/Si
memory devices have been fabricated, where the top Pt elec-
trodes of radius ~500 um were developed by electron beam
deposition using shadow masking. Initially, the /-V character-
istics were verified using a semiconductor parameter analyzer
(Kiethley-4200SCS), where the top electrode was biased by
keeping the bottom electrode grounded.

lll. RESULTS AND DISCUSSION

Figure 1(a) exhibits the results obtained from Tridyn
calculations®! showing the variation of titanium (Ti) and ox-
ygen (O) atomic fractions in the TiO, layers of S1, S3, and
S5 samples as a function of depth. In comparison to both S1
and S3, S5 shows significant decrease in Ti concentration by
subsequent increase of O with increasing depth, indicating
the development of near surface oxygen deficient regions
with increasing fluence.'® Such a preferential sputtering of O
can be due to the relatively weak surface binding energy
(2eV) than that of Ti (4.89 eV).18 In the inset, the exponen-
tial increase of sputtering loss of TiO, with increasing ion
fluence is clearly visible.
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FIG. 1. (a) Tridyn results of Ar'-ion irradiated TiO, layers with fluences of 5 x 10" (S1), 5 x 10" (S3), and 5 x 10'®ions/cm? (S5), showing the depth-
dependent change in Ti (solid symbols) and O (open symbols) atomic fractions; inset represents the thicknesses of sputtered TiO, layers as a function of ion flu-
ence. (b) GIXRD patterns before (SO) and after irradiation with fluences of 5 x 10 (S1), 5 x 10" (S3), and 5 x 10'®ions/cm? (S5); various reflections from the
planes of anatase (A), rutile (R), and Ti-rich (i.e., TiOg 3,5) hexagonal (H) phases are indicated in SO. The (200) peak from the underlying Pt layer is also presented.
Typical AFM image of SO (scan area: 1 um x 0.5 um) with rms roughness of ~3 nm is shown in the inset where color scale bar represents the height modulation.
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The GIXRD pattern of SO, depicted in Fig. 1(b), suggests
that the development of polycrystalline TiO, is dominated by
anatase phase (A) along with rutile phases (R) peaking at
~27.5° and ~54.3°, and trace amount of Ti-rich hexagonal,
H(101) phase. Reflection from Pt(200) plane is also observed
at ~46.2° in SO which was disappeared after exposing to ion
beam [see Fig. 1(b)]. This could be due to the damaging crys-
tallinity of the below Pt layer as is supported by SRIM calcu-
lations®* with ion projection range beyond 80 nm (not shown).
Here, the observed GIXRD peaks are marked according to the
JCPDS files (03-065-5714, 00-021-1276, 01-073-1581, and
03-065-2868 for A, R, H, and Pt, respectively). Further, analy-
sis reveals a systematic change in anatase peak intensity, espe-
cially the one originating at ~25.2° with increasing fluence
that eventually disappears at a fluence of 5 x 10'ions/cm?
due to the amorphisation of polycrystalline TiO, phase. The
surface morphology of SO (inset) obtained from AFM shows a
granular feature with an rms roughness of ~3nm which
enhances with increasing ion fluence.

Figure 2(a) shows a schematic presentation of the c-AFM
measurement of the TiO,/Pt/Ti/SiO,/Si sample in contact
mode, while the second row in Fig. 2(b) exhibits a series of
c-AFM images of the top TiO, layers of the ion irradiated
samples using a +2 V bias between the AFM-tip and the bot-
tom Pt layers. The data from SO are not shown here as no sig-
nal was obtained even up to +10V. These results show that
the electrical conduction across the TiO, layer was improved
with increasing ion fluence, demonstrating a clear transforma-
tion of the insulating-to-conducting TiO, layers. This can be
attributed to the introduction of more-and-more OVs which
will serve as donors in the oxide matrix and in turn contribute
to the electrical conduction. This is consistent with the results
obtained from the Tridyn calculations (discussed above) and
also supported by a recent report in which Ghenzi er al.'®
showing the contribution of OVs by converting TiO, into an
n-type semiconductor. Although there is a clear signature
[Fig. 2(b)] of increasing surface current density as a function
of ion fluence up to 1 x 10'® ions/cm? for $4, a sudden drop is
noticed in S5. To understand such intriguing phenomenon, a
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set of c-AFM images have also been recorded for S5 with bias
voltages of 0.5, 1.0, 1.5, and 2.0V as exhibited in the third
row [Fig. 2(c)]. They clearly show rise in current density with
increasing potential at only certain locations on the surface. A
close inspection of Fig. 2(d) is displayed in Fig. 2(e), which
reveals the corresponding surface morphology that confirms
charge flow through the TiO, layer between insulating mounts
(within cyan-dashed curves). This suggests that the conduct-
ing channels between the mounts are most likely rich in OVs
facilitating the charge transport.

For further understanding the role of OVs, detailed
microstructural investigations were carried out by cross-
sectional TEM (XTEM). The bright-field image of SO [Fig.
3(a)] shows the formation of columnar structure of TiO,
with an average length of ~80nm and width in the range of
20-40nm. Selected-area electron diffraction (not shown)
and high-resolution TEM [Fig. 3(b)] of the projected col-
umn, marked by a dashed circle in Fig. 3(a), confirm the pol-
ycrystalline nature of SO, in consistent with our GIXRD
results [see Fig. 1(b)]. A typical XTEM image [Fig. 3(c)] of
the Ar'-ion irradiated sample (S4) shows the disappearance
of columnar structure and the formation of a large number of
3-5nm size voids (indicated by two red arrows). An evolu-
tion of bigger voids in the range of 50-70nm along with
smaller ones is, however, observed in S5 [Fig. 3(d)]. Clearly,
the appearance of bigger voids can be attributed to the coa-
lescence of smaller ones at a fluence of 5 x 10'® ions/cm?.
The formation of such giant voids makes the surface rough
and thus producing mount-like insulating structure as is also
seen during the AFM analysis [Fig. 2(e)].

Since the stoichiometry plays an important role in
charge transport, the composition of the TiO, layer was
monitored by energy-filtered TEM (EFTEM). The magnified
EFTEM images of SO and S5 are presented in Figs. 3(e) and
3(f), respectively. Comparing these EFTEM images, it is
revealed that the TiO, layer in S5 swells at those places
where bigger voids are formed and thus make these regions
non-conducting, in agreement with the results obtained from
c-AFM studies [Fig. 2(c)]. Looking at the Ti M-edge in S5

50 nm

—_

FIG. 2. (a) Schematic diagram of c-
AFM experiments on TiO,/Pt/Ti/SiO,/
Si where the Pt/Ir tip in ¢-AFM acting
as a movable top electrode; (b) second
row exhibits the c-AFM images (scan
area: 1 um x 1 um) for all the ion irra-
diated samples, namely, S1 to S5, at
+2V bias in the Pt back electrode; (c)
third row presents current maps of the
TiO, surface for a systematic increase
in sample bias from 0.5 to 2 V. Typical
surface morphology of S5 with rms
roughness of ~17.3 nm is shown in (d)
with a scan area of 5 um x 5 um, while
the magnifying view in (e) with a scan
area of 1 um x 1 um shows the region
in which current maps were acquired;
the cyan dashed curves in (e) are repre-
senting the insulating mounts.
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FIG. 3. (a) Bright-field XTEM image of SO; (b) HRTEM image of SO taken
from the dashed red circled region in (a); XTEM images of S4 in (c) show-
ing smaller size voids in TiO, indicated by two red arrows where (d) shows
the formation bigger voids in S5. The dashed rectangle in (d) represents a
nano-channel region. EFTEM images of SO and S5 are depicted in (e) and
(f), respectively. The blue, green, and red color indicates the data collected
from Ti-M, Pt-O, and Si-L edges, respectively [except in (f) for Pt, showing
only the locations]. Maximum and minimum oxygen deficient regions along
the oxide nano-channel are indicated by A and B, respectively.

[Fig. 3(f)], one can see that the surface region (indicated by
A) is more Ti-rich than that of the deeper depth (indicated by
B). From these results, it can be inferred that this oxygen
concentration gradient as a function of depth is responsible
for the variation in resistivity (or conductivity) of the
channels.

For further confirmation of the surface sub-oxide layer
formation, surface chemical properties have been investi-
gated by XPS. The Ti-2p spectra of TiO, films were acquired
before and after irradiation with different fluences. Here, we
are displaying typical spectra recorded from SO and S5 (see
Fig. 4), showing the evolution of Ti,O3 (Ti*h) phase [with a
possible contribution from TiO (Ti*")]* from pure TiO,
(Ti*") in the former case, as is revealed by deconvoluting
those spectra with the help of Voigt function (70% Gaussian
and 30% Lorentzian) after Shirley-type background subtrac-
tion (Ref. 17 and references therein). However, an insignifi-
cant modification of the spectrum was observed up to S3
(fluence: 5 x 10" ions/cm®), while the evolution of TiO/
Ti,O3 was noticed with increasing fluence as the one shown
for S5. The possible existence of such mixed sub-oxide
phases could be responsible for increasing full-with at half
maximum. The detailed analyses, in particular, reveal that
Ti-2p3, and Ti-2p, peaks are originated at 459.31 and
465.01 eV, respectively, in SO, in agreement with the previ-
ous reports.’go’31 However, two additional sub-oxide peaks
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FIG. 4. Ti-2p core level XPS spectra of TiO, before Ar'-ion irradiation
(S0) and after irradiation with a fluence of 5 x 10'® jons/cm? (S5) are shown.
Experimental results are exhibited by open circles. Background (in magenta)
subtraction and the deconvoluted curves for Ti*" (in blue) and Ti>*/Ti>* (in
green) are also shown along with the fitted curve (in black).

are observed in S5 at binding energies of 457.8 and
462eV.?!' These two peaks are originated due to the forma-
tion of oxygen deficient TiO/Ti,05 surface layer by deterio-
rating the stoichiometry of Ti0,,***? with a maximum
atomic concentration of ~13.66%. These results suggest
bombardment with energetic ions leads to the formation of
oxygen vacancy-rich layer at the top of TiO, in S5 which is
in consistent with our TEM results shown in Fig. 3. Using
the complementary /-V characteristics under c-AFM, we will
now show how such variation in O concentration along the
TiO, nano-channels helps to achieve nanoscale RS behavior.

Figure 5(a) shows the local I-V characteristics of
selected samples S1, S3, and S5 in linear scale using a com-
pliance current (I.) of 10nA. The result of SO is not shown
here due to its insulating nature, though the RS behavior is
merely observed in S1 by swiping potential between *=2 V.
However, the increasing ion fluence can lead to a significant
change in the hysteresis loop that in turn gives a prominent
memory window for S5 without applying any forming poten-
tial. In particular, the hysteresis loop of S5 offers a bi-stable
property within =1V. The direction of the hysteresis loops
are also indicated by arrows. For detailed understanding, /-V
characteristics is plotted again in semi-log scale, as shown in
Fig. 5(b), where one can see that the crossing potential (V)
moves from about —0.8 to —0.1 V with increasing fluence up
to 5 x 10'®ions/cm? (marked by an right arrow). This non-
zero V. can be attributed to the parasitic inductive contribu-
tion in the present devices.”> Moreover, the observed shifting
of V. towards first quadrant can be associated with the
increasing contribution of dynamic parasitic capacitance
with increasing ion fluence.*”

In order to explore further, the region around V. for S5
is magnified as the one shown in Fig. 5(c). The key finding is
that the V. for the forward and reverse directions (indicated
by thinner arrows) are not coinciding and as a consequence it
gives rise to a negative voltage shift of ~0.25V (shown by
left thicker arrow). Although this phenomenon has previ-
ously been observed®* but not adequately understood. Since
the shift in V. is known to be governed by the change in
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FIG. 5. (a) Local I-V characteristics of S1 (open circles), S3 (open squares), and S5 (open diamonds) by sweeping the applied potential across the AFM tip and
Pt back electrode from —2'V to +-2 'V and back to —2 V with compliance current (/) 10nA; (b) corresponding semi-log plots in (a) indicating gradual evolution
of RS window with increasing fluence. Thick arrow indicates the shifting of non-zero crossing towards zero potential; (c) magnified region around crossing
potential for S5, showing forward (—2V to +2 V) and reverse (+2 V to —2 V) sweeps with negative shift, indicated by thick blue arrow; (d) /-V characteristics
of the Pt/TiO,/Pt/Ti/Si0O,/Si memory devices for S5 showing a self-compliance bi-stable RS behavior within =1 V after 40 (open squares in black), 60 (open
circles in blue), and 80 (filled circles in red) cycles; schematic presentation of corresponding (e) low resistance state, LRS, and (f) high resistance state, HRS,
mechanisms, controlled by OV migration through changing applied electric field direction.

dynamic capacitance in the presence of a small filamentary
area,>> we believe that the phenomenon in Fig. 5(c) could be
influenced by the stray capacitance at the interface between
the top electrode (i.e., c-AFM tip) and oxide due to surface
contamination under ambient condition.?° Moreover, the
observed short-circuit current is most likely associated with
the screening of the injected electrons into the active oxygen
deficient TiO, nano-channels®® by creating a space charge
region via trapping of hot electrons in vacancies and intersti-
tials. This ultimately changes the effective potential from the
applied one.

Standard Pt/TiO,/Pt/Ti/Si0,/Si memory devices have
also been investigated to justify the above discussion. Here,
the device was SET to LRS by applying a voltage of —1V,
followed by a voltage sweep to 41V, in which it switched to
HRS below +0.5V [see Fig. 5(d)]. Interestingly, this device
shows a self-compliance bi-stable I-V characteristic within
*1V up to 80 dc cycles without any degradation; the details
of the device performance will be studied later and published
elsewhere. Compared with the c-AFM results [see Figs. 5(b)
and 5(c)], here we did not observe any non-zero V., indicat-
ing the importance of contact area of the top electrode and
the corresponding interface with the active oxide layer.
Based on the TEM (Fig. 3) and XPS (Fig. 4) analyses in
association with ¢-AFM results, the observed bi-stable RS
behavior can be explained in the light of OV migration
through nano-channels as is discussed in the following.

Based on the above findings, it is therefore clear that the
ion beam induced OVs can play a dominating role in control-
ling the RS behavior, especially bi-stable mechanism®?? in
the absence of forming potential. This is particularly associ-
ated with the electric field-driven back and forth OV migra-
tions, leading to a CF formation and annihilation along the
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Ar'-ion induced oxygen gradient in nano-channels.’’
The dimension of the CF depends on the OV density'”
which enhances with increasing ion fluence as observed by
the microstructural and spectroscopic investigations (Figs. 3
and 4). The observed LRS and HRS are schematically exhib-
ited in Figs. 5(e) and 5(f), respectively. During SET opera-
tion (for switching to LRS), hot electrons will flow
predominantly through the conducting nano-channels under
negative bias to Pt rear electrode and subsequently develops
a space charge region near the top electrode as discussed in
the recent literature.’’ On the other hand, during RESET
operation (for switching to HRS), applied positive bias in the
Pt electrode drives these OVs towards the AFM tip (top elec-
trode), resulting the annihilation of conducting channels.'®

IV. CONCLUSIONS

In summary, we have shown the transformation of
polycrystalline to amorphous TiO, layers by 50keV Ar'-
ion beam irradiation at RT in the fluence range of (0.05-5)
x 10'®jons/cm? with the help of GIXRD. The formation of
isolated conducting regions surrounded by insulating
mounts is revealed in c-AFM. Detailed TEM investigations,
however, suggest the evolution of nano-channels with gra-
dient OVs below the mounts and surrounded by voids. This
is also consistent with the XPS results, showing an increase
of TiO/Ti,03 phase near the surface as a function of ion flu-
ence, which reaches its maximum at 5 x 10'®ions/cm?.
Using c¢-AFM, local [-V measurements from the nano-
channels have shown the evolution of RS loops with two
distinct low and high resistance states that become promi-
nent with increasing fluence. Moreover, the existence of
non-zero crossing potential (V) at lower fluences is attrib-
uted to the influence of both resistive and inductive effects,
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while V. shifts towards zero potential at higher fluences has
been assigned to the increase in capacitive contribution.
This is justified by fabricating two-terminal Pt/TiO,/Pt/Ti/
Si0,/Si memory devices, followed by monitoring the -V
characteristics at RT. Detailed analyses suggest that the
observed RS behavior can be discussed in the light of OV
migration through the self-organized nano-channels. We
believe that the present work will bring opportunities to de-
velop high density nano-channel based RS devices, but it
requires further optimization of the voids dimension and/or
distribution for practical application.
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