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The effect of X-ray nano-beam irradiation has been investigated, along with a subsequent electric discharge
between the metallic electrodes of memristive-like devices fabricated on top of rutile single crystals. X-ray
irradiation with a photon flux of about 6 x 10'2 photons/second impinging on an area of 74 x 60 nm?, and with
irradiation times of the order of tens of seconds per point, has been able to pattern a conducting path between the
electrodes, which has guided the electric discharge process. The results from Ti K-edge XANES mapping with

TiO, submicron spatial resolution show small changes in the configuration of the pre-edge peaks, suggesting the

Rutile to anatase conversion

presence of anatase phase in the affected region, which is also confirmed by micro-Raman mapping. This implies

the occurrence of very intense Joule heating during the electric discharge (T > 2140 K), followed by a very quick
cooling process. This conversion of rutile to anatase represents a novel electrical method for the formation of
localized anatase nanoparticles from rutile single crystals, which may be of help for specific applications.

1. Introduction

Memristive devices have recently attracted a lot of interest for non-
volatile memory applications, mostly favored by their low power con-
sumption, high switching speed, fabrication procedures compatible with
CMOS technology and at low costs, non-volatile nature, and simple two-
terminal structure, allowing for great scalability and high integration
density [1-3]. Indeed, memristive devices can be schematized as
exhibiting two different states: a high resistance state (HRS) encoding a
logical 0, and a low resistance state (LRS), which encodes a logical 1.
These states are usually non-volatile, implying that the devices can be
used as data storage [4].

Many different architectures have been explored so far in terms of
the number and nature of both the electrical contacts and the core
layers, but the most prevalent device scheme consists of a metal-
insulator-metal (MIM) layer stack, with the intermediate insulating
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layer sandwiched between two asymmetric metallic electrodes: one of
them provides an ohmic contact with the active layer, and the other one
originates a Schottky barrier [5].

In redox-based memristors, the active layer is typically made of a
polycrystalline or amorphous transition metal oxide, such as TiO5, HfO,
or Tay0s [6]. Various mechanisms have been proposed over the years for
resistive switching, with a filamentary-type valence change mechanism
(VCM) being the most frequently observed [7,8]. This mechanism is
related to the release of oxygen from the lattice under the influence of
the electric field, resulting in the formation of oxygen vacancies which
cause, due to their donor character, a highly conducting region con-
necting the two electrodes. To induce such a filament in a pristine device
for the first time, the active layer typically undergoes a so-called elec-
troforming step, which consists in its exposure to very intense electric
fields to promote oxygen vacancy migration to form the filament. This
electroforming step is, essentially, a reversible local dielectric
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breakdown in the film. If its parameters are not controlled well enough
or an irregularity in the device leads to anomalously high fields or
temperatures, an irreversible breakdown might occur. This can also
happen during device operation and is one of the most common reasons
for VCM-based devices to fail.

Extensive investigation of these conducting filaments in TiO2-based
devices has reported different chemical compositions, showing that
most of the time they consist of a reduced TiOx phase [9-11], but also
that this phase can be surrounded by an anatase layer [11] or collapse
into a Ti4O; Magneli phase, when long-range oxygen vacancy order
takes place [12,13]. Moreover, operando measurements have shown that
the size of the filaments and their position with respect to the metal
contacts can vary from cycle to cycle [14].

All these features are essential for understanding both the switching
mechanism and possible device failure processes. For example, thermal
cross-talking between adjacent devices has been highlighted as a po-
tential issue, especially with the view to future, densely integrated
memristor architectures, suggesting the need for specific techniques to
design the thermal conductance of the filament-to-contact interface in
such a way as to confine the heating as much as possible [15]. So far, the
maximum temperatures reported for a filament have been estimated
around 1000-1300 K [9,15], but a better knowledge of these values and
their governing parameters (e.g. the values of the defect concentration
or of the filament diameter) is definitely needed to gain control of the
fabrication processes at the atomic scale and to achieve fabrication of
reliably switching devices [16].

Finally, it has also been recently reported that TiO; irradiation by
means of a synchrotron X-ray nanobeam is able to locally generate ox-
ygen vacancies and to pattern a conductive filament that guides the
electroforming process in the desired position, which can be defined as a
kind of X-ray nanopatterning (XNP) [17-19]. The present work aims at
exploiting this novel possibility by using some state-of-the-art spectro-
scopic instruments and techniques to improve the knowledge of both the
local changes induced in TiO5 at the submicrometer level and of the
maximum temperatures developed during a device failure. Elucidating
the influences of thermal and electronic stress on the morphology and
properties of TiO, is expected to provide some insight into both the
electroforming process and the dielectric breakdown mechanisms of
these devices.

2. Experimental

(110)-oriented TiOy rutile single crystals (Shinkosha Co., Ltd.,
Japan) were annealed at 300°C in Hj (4 %)/Ar atmosphere for 2 h, to
introduce controlled oxygen vacancies and increase the sample con-
ductivity. Then, metal electrodes were deposited on their top surfaces,
with a 2 um gap separating them (see Fig. 1a and 1b). The two electrodes
are asymmetric, one consisting of 60 nm Pt, and the other of 30 nm Ta
with a 30 nm Pt layer on top. Since Pt forms a Schottky barrier with
rutile and Ta forms an ohmic contact, such an asymmetry of the
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electrodes is expected to result in a rectifying diode-like behavior [4].
Although this in-plane geometry does not correspond to the typical one
used for memristive devices, it was chosen to allow the investigation of
device electroforming and failure using XNP and spectroscopic
techniques.

Samples were initially irradiated at the beamline ID16B of European
Synchrotron Radiation Facility (ESRF) in Grenoble, France, in order to
increase the local oxygen vacancy content and electrical conductivity so
as to guide the electroforming process, as it has already been demon-
strated in previous works by our group [17,18]. An area of 4 x 3 pm?
(HxV) was irradiated across the gap by raster scanning a 74 x 60 nm?
(HxV) nanobeam in 16-bunch pink beam mode with an energy of
17.5 keV and a flux of 6.13 x 10'2 photons/second. The area was irra-
diated by exposing each point for 25 s and with a beam pitch of 200 nm
in both directions, resulting in a total fluence of 1.16 x 103 J/m?and in
an absorbed dose of 5.16 x 10'2 Gy.

Subsequently, I-V curves were acquired using a Keithley 6487 elec-
trometer at progressively increasing voltages, until discharge processes
led to the formation of a conducting filament connecting the two elec-
trodes. Fig. 1c shows the typical [-V curves for a pristine device and after
electroforming, with a difference of about 2 orders of magnitude in the
resistance of these two states. This change is very similar to the one
occurring during the electroforming step in the fabrication of TiO-
based memristive devices. Of course, during the fabrication of mem-
ristors this process must be carefully controlled to achieve reversible
resistance switch, by setting a suitable current compliance to avoid the
formation of irreversible conducting filaments. In contrast, in our ex-
periments the current compliance during the discharge was deliberately
set to a high value (= 2.5 mA) in order to get a sufficiently large con-
ducting filament to be investigated by means of XANES and Raman
spectroscopy using micrometer-sized probes.

SEM imaging was performed with a Coxem EM30Plus microscope for
both pristine samples and those after discharge.

X-Ray Fluorescence (XRF) measurements were performed for pris-
tine devices at ID16B with a 17.5 keV beam 74 x 60 nm? in size, and
then repeated at ID21 after electroforming, with a beam energy of
5.1 keV, and a size of 800 x 400 (HxV) nm?. XRF spectra were collected
at each point of the maps and the intensity of the fluorescence lines was
obtained for each of the elements in the sample. Fig. 1b shows the XRF
map of a pristine sample corresponding to the sum of the Pt L and Ta L
lines, in which both metal electrodes are clearly visible.

XANES mapping of the Ti K-edge (4966 eV) was performed at
beamline ID21 of ESRF. Absorption spectra were collected in fluores-
cence mode between 4950.0 and 5039.6 eV by scanning the areas of
interest with the 800 x 400 nm? beam for each energy value, with a step
size AE = 0.2 eV. Above this edge, the X-ray attenuation length in TiO4
is approximately 5.3 microns [20]. XANES spectra of two TiO, stoi-
chiometric standards (rutile and anatase) were also acquired and are
shown in Fig. 2. The possible presence of the brookite polymorph was
not considered at this stage of the investigation.
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Pt and Ta L XRF lines (a.u.)

Fig. 1. A) SEM image of the pristine sample. B) XRF map of the pristine sample showing the sum of the signals related to Pt and Ta L lines, as measured at ID16B. C) I-

V curves collected before (green line) and after (red line) electroforming.
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Fig. 2. XANES spectra of stoichiometric rutile and anatase standards.

Raman scattering imaging was performed at room temperature in the
region of interest employing a HORIBA Soleil micro-spectrometer
equipped with an excitation light of 532 nm and a UV/Vis/NIR Syn-
cerity CCD detector Peltier-cooled at —60°C.

Maps were acquired with a step size of 1 x 1 um?, using a 100x
HORIBA Plain Fluo objective with a working distance of 1 mm, a nu-
merical aperture of 0.90, an acquisition time of 1 s per point, and a laser
power of 0.57 mW. A grating of 2400 lines/mm centered at 400 nm and
a hole diameter of 200 um at the spectrometer entrance were employed
to achieve an optimal signal-to-noise ratio with minimum imaging time
at the largest spectral resolution. Autofocus on spectral signal was
employed at each point of the map. The beam size for this imaging
technique is limited by diffraction, allowing for a resolution of about
720 nm. The data processing included background subtraction, noise
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reduction through smoothing, and normalization of the peak intensities.

This analysis aimed at obtaining information about the vibrational
modes of the sample surface layer, to be compared to the results of
XANES mapping, which instead gives information on the local envi-
ronment of Ti atoms in the bulk of the sample.

3. Results and discussion

The SEM image of a sample that underwent an electric discharge is
shown in Fig. 3a. It is apparent that both electrodes have been severely
damaged and delaminated, with the most severe damage occurring at
the pure Pt contact. The appearance of the Pt/Ta electrode is like the one
seen in other electroforming experiments, where metallic contacts
locally melted (see for instance Figure 6 of Ref. [21]), but the most
important feature is the appearance of a bump in the gap between the
electrodes. Although technical problems with the focus distance at the
stage of sample irradiation introduced an uncertainty of a few microns in
the vertical alignment between the beam and the electrodes, the width
of the filament (~2.5 pm versus the 3 pm of the irradiated area) and
evidence from previous works [17,18] make it very likely that the bump
and the irradiated area coincide.

An XRF map of this sample was also collected after electroforming
and is shown in Fig. 3b. The absence of any trace of Pt and Ta in the gap
between the electrodes rules out the possibility of metal electro-
migration during the application of high electric fields in the discharge
process.

Moreover, a XANES map 15 x 20 (Hx V) um? in size was acquired for
the same sample, with a 1 um step in both the horizontal and vertical
directions. The map position with respect to the electrodes and the pixel
size are shown in Fig. 3a, and a typical spectrum corresponding to a pixel
is shown in Fig. 3c.

By looking at the XANES spectra of the rutile and anatase standards
shown in Fig. 2, it is possible to see that the main difference between
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Fig. 3. A) SEM image showing a discharge region. The white diamond indicates the position of the bump connecting the two electrodes after electroforming. The red
box highlights the extension of the XANES map, and the green solid square represents the pixel size of this map (to scale). B) XRF map of the same sample of panel (a)
showing the sum of the signals related to Pt and Ta L lines. C) example of a XANES spectrum and fitting obtained for a single point of the map. Contributions from the
peaks labelled as 1, 2, and 3 are represented by the cyan, orange and green Gaussian curves, respectively. The grey region shows the data region that was fitted. The
red curve represents the total fitting of the model, and the black one represents experimental data.
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them lies in the different relative amplitude of the pre-edge peaks
labelled as 1 and 2. For this reason, we fitted the pre-edge peaks with
three Gaussian functions

3

A 2 /952

I(E) = n_p[~(E-Eon)? /203]
;Gn\/ZHJ

where A, represents the amplitude, o, is the standard deviation, and Ep,
the center of the curve corresponding to the n-th peak.

The application of this model to the rutile and anatase standards has
resulted in the parameter values reported in Table I. An example of the
corresponding fits is reported in Figure S1 of Supplementary
Information.

These values confirm that the most important difference for the
standards consists in the fact that the amplitude ratio A;/A; is greater in
anatase than in rutile, with a very significant increase of about 43 %.
Moreover, there is also a statistically significant (t(17) = 5.30105, p-
value = 0.000029) difference between the centers Ep, of the second
gaussian, with the center of anatase that lies at an energy value lower
than the one of rutile by AEyg, = 0.18 eV. This result is probably coun-
terintuitive when looking at Fig. 2, but can be explained by the
stretching of the second peak towards higher energy values caused by
the presence of the third peak at higher energies (see Figure S1).

The spectrum of each point of the XANES map was fitted with this
model, as shown for example in Fig. 3¢, and the corresponding maps
were plotted for each of the parameters.

Fig. 4 shows the results of this pre-edge fitting procedure. In Fig. 4a
the spatial distribution of the energy value Ey; is shown, revealing a
small shift towards lower energy values at the location of the box with
lum < x<14um and 3pm < y <4 um, where the electroformed
filament lies. This is also confirmed by the vertical profile taken at x = 8
pm (see the blue line in Fig. 4c), where it is possible to notice that the Ey,
decrease by about 0.12-0.14 eV exceeds the uncertainty value. This shift
agrees with the decrease of Ey, observed in the anatase standard, sug-
gesting the possible presence of the anatase phase in this region. How-
ever, it should be considered that, in the energy range of the fits, the
penetration depth of X-rays (over 5pum) is much greater than the
thickness of the layer that has taken part in electroforming, which is
typically of the order of 200 nm, as shown in previous work by our group
[17] and also confirmed by AFM measurements of the present samples
(see Figure S2 of Supplementary Material). This implies that in the
electroformed region only approximately 7 % of the XANES signal
originated from the TiO, volume where the electrical discharge
occurred. Because of this situation, we cannot exclude that some
component of the shift observed for this peak is due to the decrease in
the Ti-apical O distance in the TiOg octahedra [22], which could be
induced by the high density of defects created by the electrical discharge
or by heavy irradiation in the bulk rutile underneath the electroformed
layer. Concerning the type of defects, it has already been demonstrated
that XNP of rutile generates oxygen vacancies, which are known to act as
n-dopants and locally increase the electrical conductivity [18]. There-
fore, the low resistance observed in the filament after electroforming
represents a strong confirmation of their presence. As a final observa-
tion, it can also be noted that, even if the width of the filament matches
reasonably well the size of the area irradiated at ID16B, its length (~
14 um) largely exceeds the irradiated size (4 pm), indicating that the

Table I

Values of the ratio between the amplitude of peaks 1 and 2 (A;/A>), the position
of the center of the second peak (Eyz), and the number of spectra used for each
determination, for the rutile and anatase standards, respectively.

Rutile Anatase
A1/A; 0.21 +£0.01 0.30+0.03
Eo2 (keV) 4.97888 +0.00009 4.97870 + 0.00009
Number of spectra 9 10
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irradiation simply pinned an avalanche process that took place along the
x-direction, which is also the direction of the current flow.

On the other hand, Fig. 4b shows the map of the ratio between the
amplitudes of the pre-edge peaks 1 and 2 (i.e. the quantity A;/A3). An
increase can be observed essentially in the same region where the
decrease of E; takes place (specifically, in the case of A;/Ag, in the box
with 1 pm < x <12 pm and 3 pm <y < 4 um). A vertical profile of the
map taken at the same position of x =8 pm (see the orange line in
Fig. 4c) confirms that in correspondence with the filament position the
value of this ratio is A1 /Ao~ 0.21, to be compared with an average value
A1/A2=~ 0.15, which implies that this increase is beyond the uncertainty.

Therefore, Fig. 4a and 4b jointly point to the presence of some
anatase phase that has been formed during the electroforming process,
most likely because of material melting due to a very intense Joule
heating, and subsequent recrystallization. This is further confirmed by
the rounded edges of the electroformed filament, as visible in Fig. 3a.

It is fair to say that these changes detected with XANES spectroscopy
are very small, but this is consistent with the small contribution coming
from the electroformed region, as has been explained above. However,
this also implies that extracting more quantitative results from XANES
spectroscopy is not feasible.

The results of Raman mapping are summarized in Fig. 5. Fig. 5a
shows the SEM image of the sample with two reference points, which
have been marked with numbers 1 and 2, respectively.

Point no.1 corresponds to a region of the sample with no shielding
from metallic contacts and reasonably far from the conducting filament,
so that it can be considered unaffected by the discharge process. Fig. 5b
shows that the spectrum collected in this point consists of the rutile
vibrational modes only, as expected, namely the E; mode (v=450 em™)
and the A;; mode (v=610 cm’l), plus a broad band centered at
va 250 cm ™}, which is attributable to multi-phonon processes [23,24].
Looking at the spectrum collected at the location of the filament (point
2), the same vibrational modes of rutile are still visible, but an additional
peak appears at v~140 cm ™! (highlighted by the red line in Fig. 5b). This
new peak can be attributed to the E; mode of anatase TiO3 [23,25]. On
the other hand, the same spectrum shows no presence of the strongest
peak of brookite TiOy (v=153 em™ 1) [23]. This implies that no brookite
is observable within the sensitivity limits of our Raman measurements,
which also justifies a posteriori the fact that brookite has been neglected
in the XANES measurements.

For systematic data analysis, we have selected as references three
representative Raman spectra corresponding to anatase, rutile, and an
electrode (for the last one, see Figure S3 in Supplementary Information).
Then, the spectrum measured at each pixel has been fitted by means of a
linear combination of these three references using the Classical Least
Squares (CLS) method and obtaining the percentage contribution of
each component.

The corresponding semi-quantitative map showing the most impor-
tant contribution at each pixel is shown in Fig. 5¢: By comparing it with
the SEM image (Fig. 5a), it is possible to conclude that the presence of
the anatase phase is localized in the conducting filament. Data acquired
at the location of the metal electrodes are not significant, since no
Raman signal was detected in these regions due to the shielding by the
electrodes themselves (see Figure S3). This result confirms the findings
of the XANES measurements about the presence of anatase TiO; in the
conducting filament.

We can compare our findings with previous XANES measurements of
the Ti K-edge performed on memristive devices fabricated with amor-
phous TiO2 [26]. However, those measurements focused on possible
changes in the Ti oxidation state and were not able to detect any dif-
ference related to resistance switching, since the oxidation state
remained close to + 4 both before and after electroforming [26]. Our
results are not in contradiction with this conclusion, since the phase
transformation from rutile to anatase TiO2 does not involve any change
in Ti oxidation state. However, it should be noted that, in the geometry
of that experiment, the expected diameter of the conducting filaments
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Fig. 4. A) Spatial distribution of the energy value Eg, corresponding to the center of peak 2, and B) of the amplitude ratio A;/A». C) profiles extracted from maps A)
(blue line, left axis) and B) (orange line, right axis) along the vertical lines positioned at x = 8 pm. Shaded regions represent the error bars associated with each
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Fig. 5. A) SEM image of the region mapped with Raman spectroscopy. B) Raman spectra collected in points 1 and 2 of panel A): the peaks identified with blue
vertical lines correspond to rutile TiO,, whereas the peak marked with the red line corresponds to anatase TiO,. C) intensity map showing the dominant component of
the spectrum at each position according to the Classical Least Squares (CLS) method (see text). The color bars show the percentage of the dominant component in blue
for rutile, in red for anatase and in green for the electrode; the red box shows the extension of the XANES map for comparison.

(of the order of 10 nm) was much less than the X-ray probe size (2 pm),
so any signal from the amplitude ratio A;/A; was most likely over-
whelmed by the contribution of the unaffected amorphous phase TiO2.4.
This indicates that very careful experimental design and data analysis
are necessary to detect such small changes in the XANES spectra of
electroformed filaments.

Indeed, by using much smaller probe sizes (=~ 25-100 nm) and
investigating the Ti L absorption edge in the region of soft X-rays, it has
been possible to detect the formation of the anatase phase [11,12,27], or
of the rutile plus reduced TiOy phases [9], at the location of the elec-
troformed filaments. However, in all of these cases, the device active
layer consisted of amorphous TiO,y, which implied that the minimum
local temperature necessary to generate the observed phases during
electroforming was reported to be between 620 and 800 K in the case of
anatase [11,12,27] or 1000 K in the case of rutile [9]. Similar temper-
atures values were also confirmed by operando Scanning Thermal Mi-
croscopy (SThM) direct measurements of the local temperature of
individual conducting filaments, which pointed out a maximum value of
over 500 K in the case of TiOo—based devices [14], whereas for active
layers consisting of HfO, temperatures as high as 1350 K were reported
[15].

However, our experiment is different because, at the location of the
conducting filament, we have detected recrystallization into the anatase
phase starting from a TiO, rutile single crystal.

From the point of view of the local temperature, this implies that the
electric discharge process has resulted in values exceeding the melting
point of bulk rutile (approximately 2140 K, Ref. [28]), which is the
highest value reported so far, to the best of our knowledge. This could
have some implications for the design of heating dissipation routes in
densely integrated systems, in order to limit the damage in case of
failure.

On the other hand, our result is even more interesting from the point
of view of phase transitions. Indeed, it is well-known that rutile cannot

be converted into the anatase phase under steady-state conditions, due
to the absence of any phase equilibrium in the thermodynamics of these
systems. Therefore, a few peculiar methods have been developed to
induce the rutile to anatase phase transition, which is sometimes
desirable because of the better charge separation and ion storage
properties of anatase. Most of these methods start with rutile thin films
or nanoparticles, which are doped for example by means of ammonolysis
[29] or oxygen ion implantation [30], and sometimes also involve
thermal treatments in reducing atmospheres like Hy [31] and NH3 [32].
Other less conventional methods make use of strongly non-steady state
conditions like acoustic shock waves [33] or pulsed laser irradiation [34,
35]. In these cases, the mechanism responsible for the rutile to anatase
phase transition stems from the fact that anatase has a lower
liquid-to-solid interfacial energy, which corresponds to a smaller critical
radius compared to the one of rutile, so that the anatase phase is pref-
erentially nucleated in the molten state. When the cooling time of the
liquid is very fast (from ns to ms, depending on the experimental details
of the energy pulse delivered to the system) [33,35], the nuclei do not
have enough time to grow into bigger grains and the liquid-like particles
are solidified into small grains where the atoms are frozen in the ther-
modynamically metastable positions they were occupying, i.e. in the
anatase phase.

It is very likely that something similar has occurred in our samples
during the electric discharge process, whose duration can be estimated
in the range of a few ms. Therefore, anatase is expected to be present in
the electrically induced filaments in the form of nano-sized crystallites.

It is also worth noting that, among all the methods reported for rutile
to anatase conversion, only laser irradiation refers to bulk rutile [34,35].
However, the intrinsic features of this method imply that a high spatial
resolution (down to about 5 pm) can be obtained only at the cost of
inducing local ablation in the crystal. Our findings show that another
conversion method is available by inducing a local electric discharge in
rutile, which can achieve a spatial resolution of about 2 ym and results
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in a perturbation of a surface by 100-200 nm. This result could be of
importance for specific applications requiring anatase nano-crystallites
regularly arranged on a surface.

4. Conclusions

The formation of conducting filaments via electric discharge in single
crystal TiO rutile has been guided via XNP and analyzed by means of
nano-XRF, submicron-XANES and micro-Raman imaging.

A careful analysis of the relative amplitude of the first two pre-edge
peaks in the Ti K-edge XANES spectra has shown the presence of anatase
phase at the location of the conducting filament. A small displacement in
the energy position of the second pre-edge peak has also been detected,
which agrees with the formation of anatase but could also be related to a
distortion of the TiOg octahedra associated with the filament. These
findings have also been confirmed via Raman imaging, which detected
the anatase phase in the conducting filament only.

Therefore, these results have proved that anatase nanocrystals are
formed during electric discharge in a single crystal rutile matrix, which
implies an unprecedented Joule heating over 2140 K, that triggers local
melting with subsequent recrystallization processes.

This electric discharge represents a novel method to induce a local-
ized rutile to anatase phase transition in a bulk crystal, providing a
better spatial resolution compared to laser irradiation.
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