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The variation of electron density in TiO2x nanochannels, exhibiting resistive switching phenomenon,
produced by Arþ ion-irradiation at the threshold fluence of 5  1016 ions/cm2 is demonstrated by
X-ray reflectivity (XRR). The transmission electron microscopy reveals the formation of nanochannels, while the energy dispersive X-ray spectroscopy confirms Ti enrichment near the surface due to
ion-irradiation, in consistent with the increase in electron density by XRR measurements. Such a variation in Ti concentration indicates the evolution of oxygen vacancies (OVs) along the TiO2x nanochannels, and thus paves the way to explain the operation and performance of the Pt/TiO2x/Pt-based
memory devices via OV migration. Published by AIP Publishing.
[http://dx.doi.org/10.1063/1.4954166]
Transition metal oxides (TMOs) have laid an important
platform in the field of oxide electronics for their easy integration and compatibility with the present Si technology.1–3
The role of TMOs, such as TiO2, Ta2O5, HfO2, WO2, etc.,
has further been boosted for memory applications, especially
in resistive switching (RS) devices.3–6 Apart from the commonly used binary oxides, complex oxides, such as BaTiO3,
SrTiO3, carbon-based oxides, and organic materials, have
also attracted much attention for memory research.7–10
Among the many potential binary oxides, TiO2 has extensively been studied for RS application where the underlying
mechanism has mostly been discussed in the light of oxygen
vacancy (OV) migration toward positive electrode followed
by retraction due to altering the potential to negative.11,12
However, controlled introduction of OVs requires further
attention for enhancing device performance, especially in
miniaturized structures. Several attempts have already been
made for intentional creation of OVs in the near surface
region of TiO2 thin films either by varying oxygen partial
pressure during deposition or by irradiating with energetic
ions.11,13
It has been observed that the formation and distribution
of OVs in anatase (A-TiO2) and rutile (R-TiO2) are, however,
significantly different due to the diffusion of Ti interstitials
toward the surface in the latter case, than that of energetically
favorable OVs in the bulk of A-TiO2 layers.14–16 Therefore,
ion beam irradiation technique offers a better choice to control
the introduction of OVs over depth in TiO2 films with appropriate choice of ion species, energy, and fluence (i.e., ions/
cm2). In fact, we have recently shown the formation of TiO/
Ti2O3 mix-phases and so the oxygen deficient region near the
surface by exposing the polycrystalline TiO2 layers to 50 keV
Arþ-ions at an ion fluence of 5  1016 ions/cm2.11 The local
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RS behavior has been demonstrated by ex-situ conductive
atomic force microscopy (c-AFM) and explained in terms of
field-driven migration of OVs.11 This could be due to the
higher OV concentration induced development of local conducting filament along the grain boundaries with respect to
grains as was predicted earlier by in-situ c-AFM measurements.17,18 Moreover, the evolution of voids and the existence
of TiO2x were confirmed by cross-sectional transmission
electron microscopy (XTEM), though depth-dependent compositional variation was not prominent. It is therefore essential
to use a suitable technique to do so. In this respect, X-ray
reflectivity (XRR) measurement is known to be a nondestructive process and also a powerful tool for understanding
the overall structures of stratified samples and the interfacial
roughness by investigating the electron density (q) as a function of depth. Since any change in chemical structure of TiO2
can lead to the formation of OVs, XRR would be preferable
for determining ion-beam induced modification of q with
depth, and the possible change in sample compositions.
In this letter, the formation of nanochannels through evolution of voids in polycrystalline TiO2x layers by bombarding with 50 keV Arþ-ions at a fluence of 5  1016 ions/cm2
has been explored by XTEM, while depth-dependent change
in chemical properties was examined by XRR through determination of q using Parratt’s algorithm.19 Beside these studies, detailed electrical properties have been reported toward
real time application as resistive random access memory
(RRAM) devices.
About 75 nm thick TiO2x thin films have been grown
on Pt/Ti/SiO2/Si substrates at room temperature (RT) using
radio frequency magnetron sputtering technique. Prototype
devices have been fabricated by depositing Pt top electrodes
(TEs) of diameter 500 lm (area: 2  105 lm2) on TiO2x
film using shadow masking in an electron beam deposition
system. Before the formation of TEs, the as-grown TiO2x
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films were irradiated at RT with 50 keV Arþ-ions at normal
incidence. The detailed deposition process and irradiation
technique are reported in Ref. 11. The pristine sample is
referred as S0, while the samples irradiated with fluences of
5  1014, 1  1015, 1  1016, and 5  1016 ions/cm2 are represented by S1, S2, S3, and S4, respectively. Ion beam induced
modification of microstructure has initially been investigated
by TEM (using 300 keV FEI Tecnai G2 S-Twin system) in
cross-sectional geometry. Moreover, XRR has been performed in a systematic way using a Bruker-D8 Discover
X-ray diffractometer with a source of 8.5 keV energy where
the reflectivity data have been collected by maintaining
equal incident angle (ai) and exit angle (af), and by keeping
the horizontal scattering angle to zero.20 The scattered
X-ray beam has been detected with a 1D X-ray detector
(LYNXEYE XE) with varying ai. At this specular condition
(ai ¼ af), the perpendicular component of momentum transfer vector (qz) provides structural information of the sample
in the vertical direction. The data were fitted by Parratt’s
algorithm to extract q as a function of depth (z).21 To investigate the device performance and reproducibility, current–
voltage (I-V) characteristics have been monitored by
semiconductor parameter analyzer (Keithley 4200-SCS) in
seven different devices, while the top and bottom electrodes
have been biased and grounded, respectively.
Figure 1(a) shows the XTEM image exhibiting the presence of TiO2x nanochannels in between the voids (in white) at
a fluence of 5  1016 ions/cm2. Small voids are also visible in
the matrix, while they are mainly concentrated deep inside
the TiO2x layers. The magnified view of those is depicted in
Fig. 1(b), displaying one of such nanochannels. Previously, the
energy-filtered TEM study revealed the existence of oxygen
deficient TiO2 zone in the near surface region, whereas X-ray
photoelectron spectroscopy (XPS) investigation showed the
formation of Ti2þ/Ti3þ oxidation state of Ti in this region.11
The change in elemental concentration across the thickness of
Arþ-ion irradiated TiO2x layers has been examined by energy
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dispersive X-ray spectroscopy (EDX) when acquiring highangle annular dark-field (HAADF) images as the one shown
in Fig. 1(c). The typical elemental profiles of Si-K, O-K, Pt-M,
Ti-K, and Ar-K edges from the EDX trace [shown by downward arrow in Fig. 1(c)] are exhibited in Fig. 1(d). As can be
seen from Fig. 1(d), the Ti concentration increases near the surface as compared with that in the inner layers of TiO2x films.
One should note here that as the EDX spectra have been
acquired starting from the glue to underneath Pt layer [see
Fig. 1(c)], the actual sample surface can be found 50 nm down
the line as seen in Fig. 1(d). A sudden drop of Ti concentration
up to 100 nm depth can be assigned to the void region, while
it increases again up to 150 nm till reaching the Pt surface,
followed by a sharp rise at 310 nm for buffer Ti layer [see
Fig. 1(a)]. The observed increase in Ti signal near the surface
of the TiO2x layers is most likely associated with the preferential sputtering of O due to low surface binding energy with
respect to Ti atoms. Since cross-sectional line scan provides
atomic distribution within a few nanometer regions, XRR has
been employed to determine the spatial atomic concentrations
as a function of depth from the sample surface.
A typical set of reflectivity data of Arþ-ion bombarded
TiO2x/Pt/Ti/SiO2/Si structures with varying ion-fluence is
exhibited in Fig. 2(a). Using Parratt’s algorithm, a MATLAB
code has been developed for fitting the experimental data
(shown by solid lines in Fig. 2(a)) by varying three parameters, i.e., electron density (q), layer thickness (t), and the interface roughness (r) within physically acceptable values.22 The
simulated results are summarized in Table I. In the case of unirradiated samples (S0), two sub-layers have been considered
for the best fit: the top TiO2x layer with a thickness of
75 nm and fixed electron density of 1.38 e/Å3, while the
bottom 200 nm thick Pt layer considered as of infinite thickness. The other layers lying below the Pt have not been considered in this calculation as the maximum X-ray penetration
depth is estimated to be confined within the Pt layer for highest qz value. However, the ion-irradiated samples could not be

FIG. 1. (a) Bright field XTEM image of
sample irradiated with 5  1016 ions/cm2
(S4); (b) HRTEM image of S4 taken at
one of the nanochannels surrounded by
voids; (c) HAADF image for S4, and the
downward arrow represents the direction
along which the EDX trace has been
taken; (d) the typical elemental profiles
of Si-K, O-K, Pt-M, Ti-K, and Ar-K
edges along the EDX trace as a function
of depth from the sample surface at
50 nm.
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FIG. 2. (a) XRR data from samples
before (S0) and after irradiation with
fluences of 5  1014 (S1), 1  1015
(S2), 1  1016 (S3), and 5  1016 (S4)
ions/cm2 as function of momentum
vector (qz) with corresponding fitted
curves in solid lines; (b) electron density (q) before and after Arþ-ion irradiation as a function of sample depth
(z), and (c) the magnified view of the
circled (saffron colored) area in (b)
shows q near the surface. The q of S4
is smeared off due to huge surface
roughness of 18 nm.

fitted by considering a single layer of TiO2x with uniform
q on Pt as the one used for S0. Instead, multiple sub-layers
with varying q have been considered to satisfy the critical
angles of the recorded reflectivity profiles. The change in
q arises from the ion beam induced redistributions and sputtering of the constituent atoms, especially O for its lower surface binding energy with respect to Ti atoms, leading to Ti
rich surface layers.11,23 For instance, two TiO2x layers with
different q values have been considered for S1 and S2 while
for both S3 and S4 three sub-layers have been chosen. The
simulated data in Table I and obtained electron density profiles depicted in Fig. 2(b) clearly show that the q of the top
TiO2x surface layer slowly increases with increasing ion fluence. In fact, the ion beam induced variations of q in the near

TABLE I. Layer/sub-layer thickness with corresponding electron density
(q) and interfacial roughness (r) extracted from XRR fitting.

Samples
S0
S1

S2

S3

S4

Layer from
top
surface

Layer
thickness
(Å)

Electron
density
(e/Å3)

Interfacial
roughness
(Å)

TiO2x
Pt
TiO2x
TiO2x
Pt
TiO2x
TiO2x
Pt
TiO2x
TiO2x
(Voids region)
TiO2x
Pt
TiO2x
TiO2x
(Voids region)
TiO2x
Pt mixed with
TiO2x
Pt

728
1
117.6
629
1
150
630
1
147
356

1.38
5.28
1.43
1.36
5.28
1.55
1.28
5.22
1.49
1.18

43.46
18.93
36.71
27.54
21.49
30.00
34.99
21.19
30.59
40.80

294
1
300
540

1.39
5.28
1.55
0.56

29.19
22.27
189.9
69.99

300
349

1.08
5.07

13.00
17.50

1

5.28

10.49

surface region are clearly visible from the magnified view of
the circled area of Fig. 2(b) [see Fig. 2(c)] where the
air–surface interface is indicated by 0 Å in abscissa. It should
be noted that the broad hump in S4 is due to the existence of
higher surface roughness; this smears the electron density profile that finally extends beyond the surface of TiO2x layer. A
significant drop of q just below the surface of S3 [Fig. 2(c)]
can be attributed to the formation of voids. The reduction
of q is more prominent in S4 and can be attributed to the
existence of larger voids as observed in TEM studies [see
Fig. 1(a)]. It is therefore clear that the swelling of TiO2x
layers in the ion beam irradiated samples is due to the evolution of voids with increasing fluence.
The extracted value of q for S0 (see Table I) is similar
to the theoretical value of 1.3 e/Å3 for oxygen deficient
TiO2x (or equivalently Ti2O3) layers24 containing dominant
anatase phase (2h  25.4 ) along with some amount of rutile
and other phases as perceived from XRD analyses.11 It may
be noted here that the theoretical q values of anatase and
rutile TiO2 are 1.121 and 1.225 e/Å3, respectively.24,25 As
discussed above, the value of q after ion-irradiation has
been found to be increased significantly with increasing ion
fluence. For the highest fluence sample (S4), the surface
layer q is found to be of 1.55 e/Å3 which could be due to
the presence of mixed phases of TiO (q  1.65 e/Å3) and
Ti2O3 (q  1.3 e/Å3) as previously observed in XPS analyses.11 This variation in q with increasing ion fluence should
have a direct impact on RS property which will be discussed
in the following by analyzing the Pt/TiO2x/Pt device structure after irradiating with the highest fluence.
Figure 3 demonstrates the electrical performances, such
as dc loop, retention, and endurance, along with possible
charge conduction mechanisms. Typical bipolar I–V characteristics can be revealed in Fig. 3(a) for S4, showing a
forming-free clock-wise RS behavior under a dc sweeping
mode from 1 to þ1 V at RT. It is interesting to note that this
device shows a self-compliance bipolar RS behavior within
61 V and thus could be useful for low power non-volatile
memory (NVM) application. The current flows through this
device increases significantly at 0.5 V (Vset), consequently
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FIG. 3. (a) Represents the dc loop of
the Pt/TiO2x/Pt devices after Arþ-ion
irradiation at a fluence of 5  1016
ions/cm2 while (b) shows the Ohmic
and SCLC conduction mechanisms at
LRS and HRS in SET, respectively; (c)
represents the endurance property of
S4 with a read voltage at 0.2 V, while
(d) displays the corresponding retention behavior at 85  C showing considerable potential for NVM application.

switching the device to ON state or low resistance state
(LRS). After removing the applied bias, the device continues
to stay in LRS. During RESET operation, the device has been
reprogrammed to the high resistance state (HRS) at þ0.49 V
(Vreset). The consistency in dc cycle mode has been reported
in our previous work.11
To know more about the charge transport mechanism of
the device, the I-V characteristic in SET is re-plotted in
log–log scale, where the experimental data points have been
fitted with appropriate conduction models,26,27 as shown in
Fig. 3(b). It is evident from the fitting that the device follows
a space charge limited conduction (SCLC) in HRS with
dV/dI ¼ 2, confirming the semiconducting nature of the
device.26 On the other hand, the conduction mechanism is
Ohmic in nature with dV/dI ¼ 1.01 at LRS.27 It is attributed
to the formation of conducting filamentary path by the OVs
in the TiO2x nanochannels during SET process, and in turn
allows the charge carriers to flow linearly giving rise to an
Ohmic conduction, as shown by the upper fitted line in
Fig. 3(b). While increasing the positive bias voltage, the
device attains to the RESET due to rupture of the aligned
OVs across the electrodes through nanochannels. This can be
connected with the rising temperature due to Joule heating
resulting from the enormous linear current flow along the
Ohmic conduction path.28 Furthermore, the endurance and
retention properties of S4 device are illustrated in Figs. 3(c)
and 3(d). Fig. 3(c) shows the endurance characteristics of S4
up to 106 cycles indicating considerable device stability.
During the endurance test, S4 device has maintained the
HRS/LRS ratio of 103 without any substantial electrical
degradation. Figure 3(d) shows the retention property of
S4 device with a rewriting capability over a 104 s test period
at 85  C. Both the memory states are distinguishable under
the constant voltage stress at 0.2 V and remain stable without
any significant degradation over 104 s. This indicates the

potential of this device for NVM application as compared
with the data reported recently.29,30
In conclusion, using XRR analyses we have determined
the electron densities (q) of the oxygen deficient TiO2-x/
Pt/Ti/SiO2/Si samples, exhibiting RS behavior, formed
after 50 keV Arþ ion irradiation in the fluence range of
(0.05–5)  1016 ions/cm2. From the XRR analyses, q values
determined near the surfaces of ion irradiated samples with
increasing fluences in the range of 1.43–1.55 e/Å3 have
been attributed to the presence of oxygen vacancies in the
TiO2x layers. This is found to be consistent with the EDX
data. The fabricated device using the highest fluence sample
has shown not only the self-compliance behavior, but also
forming free clock-wise RS behavior at lower voltage. The
electrical characteristics suggest an Ohmic conduction mechanism in LRS, while SCLC mechanism in HRS. Moreover,
the observed endurance and retention behaviors of the device
read at 0.2 V opens up the possibility for low power nonvolatile memory application.
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