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Abstract

Oxygen self-diffusion was investigated in TiO2 layers employed for resistive-
switching memories using resonant nuclear reaction profiling (NRP) and 18O
labeling. The layers were grown using physical vapor deposition technique
(sputtering) and were polycrystalline. The diffusivity was measured over
the temperature range 600-800 ◦C and the activation energy for oxygen self-
diffusion in sputter-deposited TiO2 films determined to be 1.09 ± 0.16 eV, a
value consistent with results obtained by previous studies [1].
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1. Introduction

The search for new memory technologies has increased considerably in the
last years. The so-called Resistive Random Access Memories (ReRAMs) have
emerged as potential substitutes for conventional flash memory due to its fast
write speed, high read/write cycle endurance and low-power consumption.
In the case of Valence Change Memories (VCM), the mechanism respon-
sible for the resistance change is electric-field induced diffusion of oxygen
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vacancies inside a functional oxide layer. The memory cell has a capacitor-
like structure comprising of a metal-oxide-metal structure. Previous studies
[2, 3, 4] indicate that the oxygen-deficient regions create filamentary conduc-
tion paths in the oxide layer. The filament has a larger electron conductivity
than stoichiometric TiO2, thus the resistance of the system decreases. This
phenomenon is called switching, since the device changes its resistance from
a high state (OFF) to a low state (ON) [2].

This filament formation is caused by the drift and diffusion of oxygen
in the dielectric layer and therefore the knowledge of the corresponding ac-
tivation energy is of fundamental importance. In this work we investigate
oxygen diffusion in TiO2 thin films using 18O labeling and the Resonant
Nuclear Reaction Profiling (NRP) technique. A previously used technique,
electron Rutherford backscattering (ERBS)[1] minimizes the sample damage
but relies on the knowledge of the inelastic mean free path and thickness
of the oxide. On the other hand, NRP is a more direct method, where the
18O depth profile is measured with a better depth resolution. In fact, depth
profiling of light elements with nm scale resolution is challenging. It is thus
important to check that different techniques give similar outcomes. Such a
comparison, when successful, increases our confidence in the analysis proce-
dures followed and thus strengthens the foundation of the technique.

2. Experimental procedure

Figure 1 shows a schematic of the samples used. For the samples A, B
and C a platinum bottom electrode was used, taking into consideration it is
electrochemically inert and a good electric conductor. In order to promote
the adhesion of the platinum on the substrate, a thin titanium layer was
deposited first on top of silicon substrate. The electrical behavior of set A,
B and C were measured after the deposition of a aluminum top electrode.

A set of samples (D) was used to study the oxygen diffusion with NRP,
in which the oxide film was comprised of two layers of TiO2, each one with
a different oxygen isotope, 16O and 18O. The 18O isotope allows quantitative
profiling of the oxygen distribution using the nuclear reaction 18O(p, α)15N.
Figure 1(D) shows the structure of the sample grown to study the temper-
ature dependence of oxygen diffusion. A silicon nitride (Si3N4) layer was
deposited by plasma-enhanced chemical vapor deposition (PECVD) to avoid
oxygen exchange between the atmosphere and the sample during annealing
[5]. This layer was not removed to perform the nuclear reaction because it
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Figure 1: Sketch of samples studied for oxygen self diffusion in TiO2. The oxygen profile
and the electrical behavior of A, B and C were analyzed. Sample D was produced for
diffusion studies.

does not affect the final results significantly. In addition, the removal of this
layer could introduce additional errors because of its stronger adherence after
annealing at high temperatures (> 700 ◦C). In fact, the annealing at high
temperatures changes the Si3N4 density and the layer becomes more resis-
tant to chemical etching. The presence of remaining cap layer with different
thicknesses for different annealing temperatures can introduce additional er-
rors since an additional free parameter must be included in the simulation.
This is an advantage of the present nuclear reaction over other techniques,
such as electron RBS used in [1]. Pieces of the same sample were annealed
using Rapid Thermal Annealing (RTA) at 600, 700 and 800 ◦C for 5 minutes.
The heating causes the mixing of the oxygen isotopes close to the interface
between the two layers of TiO2.

The NRP measurements were performed at the Ion Implantation Labo-
ratory (LII) of the Federal University of Rio Grande do Sul (UFRGS). The
beam of H+ was obtained by a linear 500 keV electrostatic accelerator to in-
duce the nuclear reaction 18O(p, α)15N, which has a sharp maximum in the
across section at an energy of 151 keV with a width of 50 eV [5, 6, 7]. Dur-
ing the analysis the energy distribution of the incoming beam and Doppler
broadening were taken into account by assuming an overall Gaussian energy-
loss fluctuation of FWHM= 130 eV, which is close to the value used in ref.[7].
Based on this value a depth resolution of 0.7 nm should be attainable very
close to the surface. A surface barrier detector with surface area of 1200 mm2

was positioned at 150◦ in relation to the incident beam. To avoid detection of
backscattered protons from the target, a 10 µm aluminized Mylar absorber
foil is positioned just in front of the detector. This foil prevents protons
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(which have energies about 150 keV) from being detected [8], but does not
stop the alpha particles with an energy of the order of 3 MeV (Q value of
the reaction is 3.98 MeV) [9]. The resulting excitation curve was analyzed
with the PowerMEIS software (available online) [10, 11]. This software uses
a Monte Carlo algorithm that performs simulations of electron and ion-beam
interaction with matter. In these simulations a depth distribution of 18O was
assumed. The measured and simulated reaction yield as a function of the
incoming beam energy was compared. The oxygen distribution describing
the experiment best was obtained through a chi-square (χ2) analysis from
[12].

3. Results and Discussions

The samples A, B and C were structured with electrodes of Aluminum and
Platinum, which were used to perform the electrical measurements. These
measurements showed a typical behavior of a resistive switching device caused
by the movement of oxygen vacancies. In Fig.2 we show the electrical mea-
surements for sample C that displays this behavior.

Figure 2: Electric measurements of sample C after deposition of an aluminum electrode
with thickness of 400 nm. The inset shows a sketch of the formation of a filament inside
TiO2, which causes the change in resistance.

Nuclear reaction excitation curves, i.e. the alpha yield as a function of
the incident proton energy, are shown in Figure 3 for samples A, B and C.
From PowerMEIS simulations of the excitation curve we obtain the thickness
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Figure 3: Excitation curves of 18O measured with nuclear reaction 18O(p, α)15N for
samples A, B and C.

of the Ti18O2 layer and estimations from the sharpness of the onset for the
corresponding roughness and/or the thickness of overlayer, if present. The
Ti18O2 thicknesses are 37, 36 and 37 nm respectively and are shown in Fig.1.
The roughness for samples A and C is less than 0.5 nm, which is smaller than
the region where the isotopic exchange (18O by 16O at the surface) takes place
and amount according to the sharpness of the onset of about 5 and 2.5 nm
for samples A and C respectively. The red lines in Fig. 3 correspond to
the simulations based on the parameters described above. In addition they
have been taken into account to analyze the effect of the temperature for
the oxygen diffusion in sample D. In this way, the parameters of simulation
(e.g. stopping power and energy loss straggling) were determined from the
best fit in Fig. 3 and kept fixed for the analysis of the annealed samples.
The values of stopping power and energy loss straggling agree with ones from
SRIM [13] and Chu formula [14] respectively. To investigate the presence of
the beam damage induced diffusion, we have monitored the excitation curves
as a function of integrated charge as shown in Fig. 4 for samples similar to
sample D. It is not possible to note any significant change of the oxygen
profile near the interface Ti18O2/Ti16O2 within the statistical errors error.
Nevertheless, some changes are observed for 18O inside the cap layer.

The excitation curves are shown in Figure 5 for each annealing tem-
perature. The measurement was simulated using the PowerMEIS package
(Monte-Carlo simulation) which calculates the 18O depth distribution for
given Dt value by solving the one dimension Fick’s law of diffusion. The
depth resolution (standard deviation) after 40 nm Si3N4 is 4.5 nm and af-
ter 40 nm Si3N4/20 nm Ti18O2 is 5.6 nm. The diffusion length (standard
deviation) amounts about 2 nm for T = 700 ◦C and therefore a more ad-
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Figure 4: Experimental excitation curves for protons in non-annealed sample similar to
sample D for different fluences (1µC = 2.5 × 1013 atoms cm−2). The excitation curve for
the non-annealed sample D used for the diffusion experiments is also shown.

vanced treatment has to be used to get the O diffusivity. The χ2 value of
the description of the experiment is determined as a function of Dt, and in
this way the Dt value that describes the experiment best is determined (see
insert). The red line corresponds to the best fit using of the value diffusion
parameter Dt that it is distinct for each temperature used. The optimum
Dt value was determined from the minimum of the χ2 function for 600, 700
and 800◦C as shown in the insets of Fig.5 and corresponds to approximately
0.28, 0.68 and 2.98 nm2, respectively.

The relationship between the calculated diffusivity for each annealing
temperature is observed in the Arrhenius plot of Figure 6. The activation
energy for oxygen self-diffusion amounts to 1.09 ± 0.16 eV and the uncer-
tainty accounts for the fitting procedure and error bars. The present activa-
tion energy is consistent with results obtained elsewhere for similar sputter-
deposited samples (1.05 eV) [1]. In ref.[1] it was also shown that the diffusion
was not regular, i.e. additional annealing at the same temperature resulted
in only very modest increases of the obtained Dt value, suggesting that de-
fects initially present in the TiOx layer play a role. Indeed the O diffusion
in single crystal rutile samples show much smaller self-diffusion values [1].
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Figure 5: Experimental excitation curves and fitting for sample D annealed at (a) 600 ◦C,
(b) 700 ◦C and (c) 800 ◦C. The insets show the corresponding χ2 values of the fit versus
Dt value assumed for each simulation.

4. Conclusion

The nuclear reaction 18O(p,α)15N at 151 keV allows oxygen self-diffusion
measurements across oxides applied for ReRAM memory devices. This tech-
nique was demonstrated to be able to determine the 18O depth distribution
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Figure 6: Arrhenius plot for three annealing temperatures.

with a resolution of several nm. We successfully measured the activation
energy for the oxygen self-diffusion without removing the Si3N4 cap layer.
It amounts approximately 1 eV, which is consistent with values obtained by
ERBS measurements for similar sputter-deposited samples.
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