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Role and Optimization of the Active Oxide Layer

in TiO,-Based RRAM

Anna Regoutz,* Isha Gupta, Alexantrou Serb, Ali Khiat, Francesco Borgatti, Tien-Lin Lee,
Christoph Schlueter, Piero Torelli, Benoit Gobaut, Mark Light, Daniela Carta,
Stuart Pearce, Giancarlo Panaccione, and Themistoklis Prodromakis

TiO, is commonly used as the active switching layer in resistive random
access memory. The electrical characteristics of these devices are directly
related to the fundamental conditions inside the TiO, layer and at the
interfaces between it and the surrounding electrodes. However, it is complex
to disentangle the effects of film “bulk” properties and interface phenomena.
The present work uses hard X-ray photoemission spectroscopy (HAXPES) at
different excitation energies to distinguish between these regimes. Changes
are found to affect the entire thin film, but the most dramatic effects are
confined to an interface. These changes are connected to oxygen ions
moving and redistributing within the film. Based on the HAXPES results,
post-deposition annealing of the TiO, thin film was investigated as an
optimisation pathway in order to reach an ideal compromise between device
resistivity and lifetime. The structural and chemical changes upon annealing
are investigated using X-ray absorption spectroscopy and are further

supported by a range of bulk and surface sensitive characterisation methods.

In summary, it is shown that the management of oxygen content and
interface quality is intrinsically important to device behavior and that careful
annealing procedures are a powerful device optimisation technique.

1. Introduction

these spatial limits of the solid state. Pres-
ently, one of the most flourishing research
fields and at the same time one of the
major challenges faced by contemporary
solid state science and technology has
been in designing, understanding, and
controlling the properties of engineered
nanostructures and functional nano-
materials (e.g., oxides).!! The choice of
the materials, the optimization of the syn-
thesis/growth/assembly, and the control/
analysis of the critical physical parameters
with chemical sensitivity remain open
challenges for the realization of useful
device structures.

In this context the memristor has come
a long way since it was first postulated in
1971 by Chua.?”! From its theoretical defi-
nition as a “missing” fundamental passive
circuit element,>! through the develop-
ment of the first devices capable of exhib-
iting “resistive switching” (the presently
most popular engineering implementation
of the “memristance” concept) by major

Materials science based on surface and interface effects has led
to a tremendous theoretical and experimental effort, uncov-
ering a wealth of new physics and anomalous properties at

industrial players,®l to the study of the underlying physical
characteristics underpinning resistive switching.®13l Develop-
ments in the field continue to be driven by the promise of resis-
tive switches to eventually replace current memory technologies
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such as NAND-flash by virtue of their extreme scalability!'¥ and
potential for nonvolatile memory with long retention times,!!
high cycling endurancel'® and low operating power.[!”]

TiO, based junction devices were one of the first semicon-
ductor devices to be identified as memristors and have been
studied extensively.'"®2% The study of such devices has now
reached the state of device behavior optimization. A range of
factors have been identified which directly influence the device
performance and reliability, including annealing.?!l Although
thermal annealing of TiO, thin films is very widely used in other
applications, only very few reports have been published to date
on the effect of post-deposition annealing of TiO, films for resis-
tive random access memory (RRAM) applications. Kim and Rhee
reported the effects of rapid thermal annealing (RTA) at tempera-
tures of up to 800 °C, which lead to a change in the switching
characteristics and breakdown mechanism.??l RTA lead to mixed
anatase/rutile polycrystalline films which showed high rough-
ness and lost its memristive behavior at annealing tempera-
tures of 600 °C and above. Contrary to this, Li et al. reported an
improvement in resistive switching after RTA at 600 °C.12%]

This paper investigates the effects electrical switching of
TiOj,-based RRAM has on the entire oxide layer as well as

www.MatenaIsVnews.com

the interfaces between the oxide and the encompassing elec-
trodes. By combining hard X-ray photoelectron spectroscopy
(HAXPES) and X-ray absorption spectroscopy (XAS) measure-
ments it is possible to investigate both the chemical and struc-
tural evolution of the TiO, thin film layer. Furthermore, thermal
post-deposition annealing in a N,/O, mixture is investigated as
a method of optimization of the physical oxide characteristics
to improve device behavior. It is found that the most dramatic
changes are confined to distinct parts of the thin film stack and
that a temperature induced transition from amorphous to crys-
talline TiO, has a significant influence on the electrical device
behavior.

2. Results

TiO,-based devices with a layout and stack as shown in Figure 1a
were manufactured by standard device fabrication processes as
outlined in the Experimental Section. HAXPES measurements
of devices preset into distinct states, pristine (PRI), low-resis-
tive (LRS), and high-resistive (HRS), were performed at the 109
beamline at the Diamond Light Source, UK. The X-ray beam
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a) Optical image of the top view of a device pair. T and B refer to top and bottom electrodes, respectively. A single device is marked by the

orange circle. The bottom schematic shows the thin film stack, with the active TiO, layer (10 nm thick) in between the electrodes (TE 4 nm and BE 5 nm
thick). A3 nm thin Cr seed layer is used beneath the BE. HAXPES spectra of b,d) Ti 2p and c,e) O1s/Pt 4p; ; core levels in devices set to different distinct
states (PRI: pristine state, LRS: low-resistive state, HRS: high-resistive state). Core levels collected both at 3 and 6 keV excitation energy are shown.
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was aligned so that only a single device was probed at any one
time. To address the question whether the entire TiO, film or
only the interface to the electrodes changes, Ti 2p and O1s core
level spectra were collected at two excitation energies, 3000 and
5935 eV (further referred to as 3 and 6 keV for simplicity).
Whilst at 3 keV only the top half of the TiO, layer is probed, an
excitation energy of 6 keV samples the entire bulk of the buried
oxide layer (see device schematic in Figure 1a).l?4

The Ti 2p spectra at both energies (see Figure 1b,d)) show no
significant changes (only a small change in the background is
noted at 3 keV). No beam damage was observed over prolonged
measurement periods, which is most likely due to the Pt elec-
trode protecting the TiO, layer. Contrary to the behavior of the
Ti 2p spectra, O 1s spectra change depending on the state of the
device. These spectra were normalized to the intensity of the
Pt 4p;, peak coming from the top electrode. Two O 1s
components are visible; one belonging to the SiO, passiva-
tion of the Si wafer located around the active device area at a
binding energy of 533 eV and a second peak at 530 eV con-
sistent with oxygen in TiO,. The SiO, peak was identified by
comparative measurements on the Pt electrode running from
connecting pads to the active device area, which only show the
SiO,, but not the TiO, contribution (see Figure S1, Supporting
Information).

www.afm-journal.de

Focusing on the TiO, contribution to the O 1s signal, it
becomes apparent that there is a different amount of oxygen
ions present depending on the resistive state. Furthermore, this
variation is not the same at 3 and 6 keV. The absence of signifi-
cant changes to the Ti 2p core level suggests that the switching
mechanism is predominantly mediated by oxygen ions.

In order to probe this point further, a fit analysis of the O
1s/Pt 4ps), region was carried out (see Table S1 of the Supporting
Information for a summary of the fit parameters). This analysis
allows the comparison of the different oxygen intensities occur-
ring among the three resistive states. The oxygen intensity is
normalized to the intensity of the Pt top electrode signal acting
as a reference. Figure 2 shows the fitted curves of the O 1s/Pt
4p;; core level spectra for both 3 and 6 keV. From these fits an
order in terms of oxygen intensity I can be derived. For 3 keV it
follows that I pri(3) < Io1rs(4) < Iours(7) and for 6 keV Ig pri(4)
< Tours(7) < loirs(13).2°#2261 The HR state at both excitation
energies shows a biasing induced increase of oxygen compared
to the PRI state. Before biasing the oxygen is not evenly distrib-
uted over both probed sample volumes. The as-deposited TiO,
thin films present in the PRI state are largely amorphous with
a slightly nonuniform distribution of oxygen due to the nature
of the reactive sputtering process, which is reflected in this vari-
ation of Ip. Contrarily, in HRS the same increased I is found
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Figure 2. Fit analysis of HAXPES O 1s/Pt 4p3 ; core level spectra in devices set to different distinct states a,d) PRI pristine state, b,e) LRS: low-resistive
state, and c,f) HRS: high-resistive state. Core levels collected both at 3 and 6 keV excitation energy are shown.
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Figure 3. |-V characteristics of devices based on a) as-deposited and b) annealed thin films. The insets in the bottom right-hand corners show the
electroforming curves. The top inset in (a) shows a schematic of the biasing circuit used. |-V curve fits c) for the positive bias voltage branches and
d) corresponding negative branches for devices based on (1) as-deposited and (I1) annealed thin films. The exponent of the current dependence of the

voltage is given in the figures.

across the film volume. Biasing of a device leads to a redistri-
bution of mobile oxygen species within the TiO,. An increased
amount of oxygen always goes hand in hand with an increase
in resistivity resulting in HRS. Whilst this even distribution
is found in HRS, a large disparity in I, at different excitation
energies was observed in LRS, where the bottom half of the
oxide film is estimated to contribute =70% toward the overall
Io. Although some changes in Iy occur across the entire film
thickness this extreme change suggests an interface rather than
a bulk effect.

Based on the HAXPES results it becomes very clear that the
management of oxygen content in the thin film is intrinsic to
the device behavior. A method well established for other appli-
cations is post-deposition annealing of oxide layers to ensure
stoichiometric and structural uniformity. In order to explore
this method for RRAM, TiO,-based devices were prepared
both with as-deposited as well as annealed active oxide layers.
The recorded [-Vs are showing predominantly electronic cur-
rent but are modulated by the much slower ionic transport.
As-deposited devices exhibited typical forming voltages in the
region of +4-5V (see insets in Figure 3a,b) with typical forming
currents of 60-100 pA. However, annealed devices were
10 times more resistive than their as-deposited counterparts

© 2015 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

(see Figure 3), typically electroforming at £2 V with much lower
currents in the range of 10-20 pA (further electrical character-
istics can be found in the Supporting Information). The lower
electroforming voltages observed in devices based on annealed
films could be related to the microstructural changes that occur
during annealing, which can cause the formation of grain
boundaries. Grain boundaries act as extended defects providing
local conductive paths. The effects of grain boundaries on the
behavior of RRAM devices has previously been reported for
devices based on HfO, thin films.[”?8 Furthermore, the con-
cave-up nonlinearity in the [-V characteristics below switching
threshold is significantly more pronounced in annealed devices,
whilst quasi-Ohmic [-Vs are readily obtained in unannealed
samples. This, in combination with the lower current draw at
similar voltages renders annealed devices more suitable for use
in crossbar arrays. The low current draw ensures low power
operation whilst the ability of unannealed devices to draw dis-
proportionately little current as bias voltage drops plays a role
in mitigating the effects of sneak currents.(2*30

The identification of the main charge transport modes for
the devices has been carried out through fitting analysis of the
I-V measurements. Figures 3c and Figure 3d show the loga-
rithmic plot of the I-V data for the positive and negative voltage

Adv. Funct. Mater. 2016, 26, 507-513
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regions, respectively, together with the fitting results obtained
through the functional form I e« V* The values of the expo-
nent are reported in the figures. Plotting the experimental
results on logarithmic scales further evidences the differences
among as-deposited and post-annealed devices. Ohmic conduc-
tion is dominating the entire voltage region for the as-deposited
device, as is confirmed by the linear fitting dependence of the
current on the voltage, except for a slight increase above 1.1 V
in the positive voltage range before reaching the compliance
current limit. The [-V characteristics of this device are there-
fore dominated by the contribution of the thermally generated
free carriers inside the films, which is largely dominant over
the injected carriers.®! On the contrary, the post-annealed
device shows a more complex behavior, particularly evident for
the negative V polarities in which the -V data are less noisy.
The -V characteristic (1) follows Ohm's law just for low applied
voltage up to a threshold value of about V; = 0.4 V, then current
raises up quadratically up V, = 1.05 V, and above V, a further
increase of the slope to 4.4 is observed. Passing to branch (2)
of the I-V cycle, the slope recovers the quadratic dependence,
which is maintained also for positive applied voltages as shown
in Figure 3c. The limited amount of experimental points does
not allow to clearly state if the low voltage Ohmic behavior is
present for all the -V branches, however, it is reasonable to
expect that it might occur for all of them. Focusing on the -V
quadratic dependence exhibited for most of the applied voltage
range, the charge transport behavior of the post-annealed
device can be identified as the space charge limited (SCL) con-
duction mechanism that, when it occurs without involving
trapped states, can be described by the Child’s law.*!l Therefore,

@TEY o,
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the post-annealed device is passing from Ohmic to SCL con-
duction, i.e., above V; for branch (1), which implies that the
injected excess carriers dominate over the thermally generated
ones. The increase of the slope above V; suggests the passage
to trap-assisted SCL conduction.?!l However, a larger amount
of data is required to infer the distribution of the traps through
proper modeling of the -V characteristics.l*?l The main result
here is that the post-annealed device presents mostly SCL bulk
dominated conduction, thus implying the relevance of post-
deposition annealing in promoting structural and electronic
changes of the TiO, layer.

The physical characteristics of the oxide layers in these
devices were probed by XAS on thin film setups as described
in the Experimental Section. The characteristics of the thin film
setups were confirmed by XPS and XRR (see the Supporting
Information for details). Ti L,; and O K absorption spectra
were collected both in total electron yield (TEY) and total
fluorescence yield (TFY) at the APE beamline at Elettra Sincro-
trone, Italy, (see Figure 4) hence being sensitive to either the
upper region or the bulk of the sample similar to the HAXPES
experiment. HAXPES measurements of the thin film samples
showed a decrease of the population of Ti*" atoms as well as
surface hydroxide after annealing (see Figure S2 in the Sup-
porting Information). The line shape of the spectra is strictly
indicative of the chemical state of the Ti ions as well as the local
ordering of the TiO, lattice. Both the L; and the L, edge are
split in two distinct peaks, which is due to the t,,—e, ligand field
splitting of the Ti 3d states. For the annealed film, the splitting
of the ey-related peak at about 455 eV, concerning the hybrid-
ization of the Ti ions with the surrounding oxygen atoms, is

norm. Is/Im

Binding energy / eV

Figure 4. XAS data of annealed (1) and as-deposited (2) samples. a,b) The Ti L-edge and c,d) the O K-edge measured in both total electron yield (TEY)
and total fluorescence yield (TFY). The insets in a,b) show a magnified view of the higher binding energy region.
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strictly indicative of a high-quality anatase crystal phase (see
Figure 4a,b). Conversely, its absence in the spectra of the as-
deposited thin film indicates larger disorder, i.e., a more “amor-
phous” phase, implying the presence of many defects, e.g.,
oxygen vacancies (see Figure 4a). The annealing treatment pro-
motes the improvement of the crystalline quality of the TiO,
layer, with predominant formation of the anatase phase. This
is in agreement with XRD results (see Figure S3a, Supporting
Information).

The O K absorption edge, see Figure 4c,d closely reflects the
distribution of unoccupied oxygen p states. The first two peaks
at 527 and 529 eV correspond to transitions from O 1s to a
mixed state of O 2p and Ti 3d. The occurrence of two peaks
is due to the t,,—e, ligand field splitting of the Ti 3d states as
noted above. The peak splitting as well as the intensity of the
two peaks has been attributed to the degree of covalency.*’]
For both TEY and TFY the pristine amorphous film shows a
ligand field split A of 2.1 eV, whilst the annealed anatase films
exhibits a higher value of 2.5 eV. These values agree perfectly
with results from Rith et al. for 100 nm thick films prepared
by ion beam induced CVD.B* The peaks labeled I11a—c between
532 and 555 eV in TEY mode are attributed to O p character
states hybridized with metal states based on the same pro-
cesses as the satellites on Ti peaks in both XPS and XAS. The
observed peak shapes for the annealed sample and the broad-
ening in the as-deposited sample agree with spectra reported
for anatase and amorphous TiO, in the literature.>>-3# The dif-
ference in electrical behavior of devices based on as-deposited
versus annealed TiO, thin films is due to the combination of
changes in the oxygen content and in the structure of the films
upon annealing.

The peaks between 570 and 590 eV in the TEY spectrum
of the annealed sample are assigned to Cr 2p states. The dif-
ferent strength of these Cr L,; absorption thresholds for the
TEY and TFY spectra with respect to the oxygen demonstrate
that the annealing promotes the segregation of chromium at
the surface of the TiO,. The peak characteristics fit well with
references in the literature for Cr,05.139#1 This is confirmed by
AFM measurements, which clearly show the Cr,0; crystals on
top of the TiO, thin film (see Figure S4, Supporting Informa-
tion). These results in combination with the electrical charac-
terization suggest that Cr segregates mostly at the surface of
TiO, and does not affect the charge transport across this layer
very significantly.

3. Conclusion

HAXPES measurements at different excitation energies enable
the investigation of changes in TiO,-based RRAM devices upon
switching of the resistive state. Although some changes affect
the entire thin film region, the most dramatic change for LRS
is found in the bottom region of the device. It could be shown
that oxygen ions were moving and redistributing within the
film. Annealing of the initially amorphous TiO, film leads to
the formation of highly uniform anatase thin films. Devices
based on annealed films show a change in switching behavior
compared to devices based on as-deposited oxide films, which
can be correlated to a change in the oxygen content as well as

© 2015 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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a change from amorphous to anatase crystal phase as shown
with XAS. The changes in device performance after annealing
make them more suitable for low power operation and integra-
tion in crossbar arrays. -V curves show no strong contribution
of the interface, meaning that a space charge limited (SCL) con-
duction mechanism dominates the transport. The results pre-
sented here confirm the importance of thin film quality with
regard to the oxygen content and provide evidence that a fine
control of post-deposition annealing offers a strong way to tune
the resistive switching behavior in oxide-based RRAM devices.

4. Experimental Section

Sample Preparation: High quality TiO, thin films with a thickness of
25 nm were prepared by lambda controlled plasma assisted reactive
magnetron sputtering at room temperature. The substrate was prepared
to mimic the layers present in a RRAM device. A (100)-oriented Si wafer
with 200 nm thermal oxide was used as the substrate. For the bottom
electrode (BE) a 3 nm Cr adhesion layer and a 5 nm Pt layer were
deposited by electron beam evaporation. Two films, one as-deposited
and one annealed in a mixture of 4 slm N, and 1 slm O,, at 600 °C
for 5 h with a heating and cooling rate of 5 °C min~', were prepared.
Devices based on 10 nm TiO,; films were produced in the same fashion
as the thin films, but included the deposition of a 4 nm Pt top electrode
(TE) and photolithography steps to pattern the device architecture
appropriately.

Physical Characterization: HAXPES spectra were collected at the 109
beamline at the Diamond Light Source, UK. A liquid nitrogen cooled
Si(111) double crystal monochromator was used to select 3 and 6 keV
photons. To achieve a comparable energy resolution for both energies
a Si(004) channel-cut crystal was employed as a post monochromator
for the measurements at 6 keV. The resulting total experimental
resolution was =300 meV for both photon energies. The end station
is equipped with a VG Scienta EW4000 electron analyzer with +30°
angular acceptance. All experimental data are shown with energy scales
referenced to the Fermi edge of Au references measured before and
after scans. Particular attention was paid to align the focussed beam
spot (15 x 30 pm?) with the individual devices to ensure that only
photoelectrons from one RRAM device were detected. At the chosen
incidence angle the footprint of the beam could be aligned well within a
single device (=30 X 100 pm?).

XPS-XAS experiments were performed on the APE-IOM surface
laboratory and beamlines at the ELETTRA storage ring of Sincrotrone
Trieste, in an ultrahigh vacuum (UHV) chamber with a base pressure
of about 3 x 10719 mbar.[*2l Core level XPS spectra were measured by an
Omicron EA-125 electron analyser on the HE-branch of the beam line,
with an overall (photon and analyzer) energy resolution of 300 meV. All
measurements have been performed at room temperature. Absorption
spectra of the Ti L,3 and O K edges were recorded both in TEY, which
probes roughly the first 5 nm of the sample surface, collecting the drain
current from the sample and in TFY mode, which is more bulk sensitive,
probing a depth of about 1 pm, revealing the fluorescence yield by
means of a photodiode. Simultaneously, a mesh current proportional to
the incoming photon flux was acquired in order to normalize the spectra.

Electrical Characterization: 1 x 1 pm? devices were electrically characterized
by voltage sweeping using a Keithley 4200 probe station. Voltage sweeps of
progressively higher peak voltage were applied under compliance current
protection until the device under test electroformed. Bipolar switching
was subsequently achieved by similar, progressively more invasive voltage
sweeps of appropriate polarity.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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