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† Electronic supplementary informa
10.1039/c6ra25618j

Cite this: RSC Adv., 2017, 7, 1654

Received 21st October 2016
Accepted 14th November 2016

DOI: 10.1039/c6ra25618j

www.rsc.org/advances

1654 | RSC Adv., 2017, 7, 1654–1663
t of sol–gel derived TiO2 thin films
and corresponding memristor architectures†
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We report the development of sol–gel derived TiO2 thin films with adjustable and defined properties

suitable for memristive cell fabrication. Memristive cells were developed by the sol–gel deposition of

titania onto SiO2/Ti/Pt engineered electrodes via spin coating, followed by diverse curing and annealing

procedures. The influence of the processing conditions and the sol's chemical composition on the film

properties, and therefore on the memristive response, was studied by micro-Raman and transmission

spectroscopies, profilometry, ellipsometry, X-ray photoelectron spectroscopy (XPS), atomic force

microscopy (AFM), and X-ray absorption and diffraction spectroscopies (XAS and XRD). A memristive

response was acquired from a number of these cells, revealing a dependence of the electrical behavior

on minor changes in the TiO2 structure, electroforming parameters, and architecture. Thus, these

properties provide a handle for fine-tuning electrical performance.
1. Introduction

Modern demands on computer performance require improve-
ments in power consumption, speed, and both microprocessor
and memory scalability.1 One of the most promising emerging
technologies is a memristor-based RRAM memory with a plain
cross-bar structure that ensures higher density than other
memory technologies.2–4 Moreover, the memristor simulta-
neously supports logic and memory,5,6 fullling the conditions
for the fourth fundamental circuit element in neuromorphic
computation.7 One of the most studied memristive systems is
a TiO2 thin lm sandwiched between two electrodes.4 Despite
numerous reports discussing the microscopic origin of the
switch mechanism in TiO2,8–12 questions remain about the
inuence of material features on the memristive response, such
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as crystallinity, nanostructure, stoichiometry, and defects. Here,
we highlight theoretical considerations for the desired material
properties of a switchable resistive layer and describe the
dependence of the memristive response on TiO2 features,
electroforming parameters, and architecture of the device. The
impact of the sol composition and processing parameters on
the material properties and, therefore, on the memristive
response was investigated. Additionally, the interface with the
electrodes and the nature of the electrode for the development
of memristive cells are carefully considered. Finally, the paper
reports solutions to fabrication challenges encountered during
the development process.

A fabricated memristive cell consists of an active switching
layer, TiO2, which is sandwiched between two electrodes
(Fig. 1a). Highly dense 3D crossbar architectures can be
designed based on this structural unit (Fig. 1d).

Numerous materials were reported to display resistive
switching, including a large array of oxides,11,13,14 perovskites,15

nitrides,16 selenides,17 and organic compounds.18–20 Among
a wide range of materials, TiO2 has been chosen as an active
switching layer to fabricate a memristive cell based on the
following desired properties. The material should be robust
toward environmental and operation conditions. For reliable
performance, the device must have a uniform switching layer
with an identical response at any given point of operation.
Macro- and microscale defects, such as clusters, holes, and
cracks in the lm have to be eliminated in order to avoid short
circuits in a memristive cell. Thus, a dense material constituted
of ne grains is expected to have the lowest surface roughness
This journal is © The Royal Society of Chemistry 2017
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Fig. 1 (a) Schematic representation of a memristive cell; (b) SEM image of an array of Pt top dishes (270–300 mm in diameter) in a fabricated
device; (c) schematic representation of a memristive unit in a crossbar array; (d) schematic representation of a crossbar array.
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and is the most promising. Depending on the mechanism, the
size scale of the resistance switch may vary from bulk (tens of
nanometer) to interfacial surface regimes.12 Even though the
development of thin lms with exceptionally low (<3 nm) thick-
ness may be benecial for the switch, it also makes them
mechanically vulnerable to tunneling and hot-spot issues. On the
other hand, TiO2 layers tens of nanometers thick require an
electroforming procedure that may damage electrodes during the
evolution of molecular oxygen. Thus, “pre-activated” materials
that already contain oxygen vacanciesmay be benecial for stable
performance of the device. Finally, the memristive response
strongly depends on material and electrical input parameters;
therefore, the material composition has to be reproducible to
predict and acquire the desired memristive response.

For successful memristor development, the top and bottom
electrode materials have to be chosen carefully, since the mem-
ristive behavior may be directly inuenced by the electrode's
work function, electronegativity, oxygen affinity, interface reac-
tivity, and solid-state diffusion.21,22 For instance, in the case of the
inert top electrodes, such as Au, Pt, and Ru, the switch relies on
the presence of oxygen vacancies in the semiconductor layer,
whereas Ag and Cu electrodes generate corresponding laments
under the electric eld.23 Moreover, the bottom electrode, onto
which the semiconductor layer is deposited by the sol–gel
process, has a potential to inuence the preferential orientation
of the material, controlling charge transport through the lm.24,25

2. Experimental
2.1. Syntheses

Route 1. The synthetic procedure was adopted from26 and
published elsewhere.27

Route 2. In a dry two-necked round-bottom ask, a mixture
of 2-aminoethanol (H2NCH2CH2OH, Aldrich, 99%, 100 mL) (0.8
mL, 16.59 mmol) and titanium(IV) isopropoxide (Ti
[OCH(CH3)2]4, Aldrich, 97%, 100 mL) (2 mL, 6.76 mmol) in 8mL
of absolute ethanol (Fluka, $99.8%, 1 L) was stirred for 2 h at
82 �C. The resulting sol was cooled down and diluted with
ethanol in a 1 : 2 (sol : alcohol) volume ratio under N2.

2.2. Fabrication of switching cells

SiO2/Ti (5 nm)/Pt (50 nm) bottom electrode fabrication,
substrates preparation, cleaning, and a spin coating recipe for
This journal is © The Royal Society of Chemistry 2017
Ti sol deposition were reported elsewhere.27 The deposition of
platinum circular shaped electrodes (270–300 mm in diameter,
40–50 nm thick) was performed by the electron beam evapora-
tion, reported previously.28
2.3. Fabrication of cross-bar architectures

SiO2/Ti (5 nm)/Pt (50 nm) bottom rode electrodes (5–40 mm) for
crossbar architecture were obtained starting from a ame fused
quartz 600 wafer with a thickness of 650 mm. A standard UV
lithography for a li-off process was carried out, 50 nm bulk
etching was performed by Reactive Ion Etching, followed by
a multilayer (5 nm of titanium and 50 nm of platinum) depo-
sition by the electron beam technique, yielding SiO2/Ti (5 nm)/
Pt (50 nm) structures. The wafers were cut in dices of 1.5 cm �
1.5 cm. The prepared electrodes were brushed and rinsed with
acetone, 2-propanol, followed by rinsing with D.I. water, and
nally dried with nitrogen. Aerward, the electrodes were
etched with oxygen plasma right prior to the spin coating
deposition. A spin coating recipe was published previously.27

Top platinum (40 nm) rode electrodes were deposited by the
electron beam evaporation. Pt lms were evaporated from
a platinum rod (99.99% purity, supplied by Umicore) in
a vacuum chamber using an e-beam evaporator EBX-16C
(Ulvac). The pressure during the deposition was adjusted in
a 2 O 3 � 10�7 torr range with an evaporation rate of 0.1 nm
sec�1. In each evaporation process TiO2 lms (1.5 cm � 1.5 cm)
were patterned using a shadow mask with rode-shaped
patterns.
2.4. Characterization

AFM measurements were performed using a Cypher AFM
(Asylum Research, Santa Barbara, CA) in an AC mode in air.
AC200 silicon cantilevers (Olympus) with a nominal force
constant of 9 N m�1 were used, acquiring images of different
areas, ranging from 200 � 200 to 10 000 � 10 000 nm2. Scans
were acquired and leveled line-by-line using the Asylum
provided soware. Data were analyzed and rendered with
ImageJ.29

X-Ray diffraction data were acquired on an Italstructures
IPD3000 instrument equipped with a Cu anode source (ne
focus) operating at 40 kV and 30 mA. A multilayer mono-
chromator was used to suppress k-beta lines from the incident
RSC Adv., 2017, 7, 1654–1663 | 1655
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radiation with a dual xed-slit setup (100 mm) to reproduce
a quasi-parallel beam. Diffraction spectra were acquired in
a reection geometry (xed omega ¼ 1�) over a 1–121 degree
range by means of an Inel CPS120 curved position sensitive
detector, working with a 15% ethane/argon mixture at 6 bar.
The instrument was preliminarily calibrated by means of a NIST
660b LaB6 standard reference material.

XPS analyses were performed using Kratos Axis UltraDLD and
Scienta ESCA-200 instruments both equipped with a hemi-
spherical analyzer and a monochromatic Al Ka (1486.6 eV) X-ray
source, in a spectroscopy mode. The emission angles between
the axis of the analyzer and the normal to the sample surface
were 0�. For each sample, Ti 2p, O 1s, C 1s and Si 2p core lines
were collected. XPS quantication was performed using the
instrument sensitivity factors and the high resolution scans.
Charge compensation, when needed, was achieved using
a charge neutralizer located at the bottom of the electrostatic
input lens system and all core level peak energies were refer-
enced to the saturated hydrocarbon in C 1s at 285.0 eV.

Raman spectra were collected using a Labram Aramis
(Horiba Jobin-Yvon) equipped with an optical microscope and
a 100� objective. A helium–neon laser (632.8 nm) was used for
the excitation of the Raman signal with appropriate holographic
notch lters in order to eliminate the laser line aer excitation.
The slit width of the spectrometer was typically set at 50 mm. A
holographic grating with 1800 grooves per mm was used for the
collection of all Raman spectra with a resolution of 1 cm�1.
Spectral analysis and curve tting were performed with a Lab-
Spec Spectroscopy soware.

The optical parameters such as thickness and refractive
index at 632.8 nm were obtained by ellipsometry measurements
using an AUTOEL IV ellipsometer. The ellipsometry data were
acquired at a xed wavelength and a xed angle of 70�. Thick-
ness measurements were carried out by the prolometry tech-
nique using a Tecno P6 mechanical prolometer. The reported
values are an average of 5 measurements with an error of about
10%.

NEXAFS experiments were carried out at the BEAR end
station (BL8.1L), at the le exit of the 8.1 bending magnet of the
ELETTRA synchrotron facility in Trieste (Italy).30,31 NEXAFS
spectra were collected in a total electron yield (TEY) mode (i.e.,
drain current mode) at the edge of Ti L2,3 and O K and
normalized to the incident photon ux. Spectral energies were
calibrated by referring to the 4f7/2 Au core level, which was ob-
tained from an Au(100) sputtered sample (i.e., carbon free). The
synchrotron beam was elliptically polarized with dominating
components lying in the horizontal (H) plane and the corre-
sponding ellipticity, dened as 3 ¼ |~EV|

2 � |~EH|
�2, is equal to

0.1 (V stands for vertical plane and 3 ¼ 1 (0) for circularly
(linearly) polarized light). Throughout the measurements, the
incidence angle of the light with respect to a sample's surface
plane has been kept xed at 10�. To correctly process the
acquired data, each absorption spectrum was rst normalized
to the drain current, which was measured on an optical element
(refocusing mirror) placed along the beam-line; then, normal-
ized to the absorption spectrum attained under the same
experimental conditions and energy range, on an Au(100)
1656 | RSC Adv., 2017, 7, 1654–1663
sputtered sample. The energy scale of each single spectrum was
re-calibrated taking into the account the energy uctuation of
characteristic absorption features measured on the refocusing
mirror.
2.5. Electrical testing

Voltage-controlled electrical testing was performed with
a custom setup composed of a stereoscopic microscope
SKU:H800 (AmScope), micromanipulators with tungsten
probes, a 2410 High Voltage SourceMeter (Keithley) connected
to a PC through a GPIB card and controlled by a soware user
interface (Labview, National Instruments).28 Current-controlled
electrical testing was accomplished with NI PXIe-1073 chassis
connected to a PC through a PCI-express card and controlled by
a soware user interface developed within the Labview envi-
ronment. The chassis was equipped with a NI-PXIe-4139 source
measure unit capable of current or voltage controlled source
and measure. The I–V curves were recorded in an ambient
atmosphere at RT.
3. Results and discussion

Preparation of TiO2 thin lms by the sol–gel method consists of
ve main steps (Fig. S1†): (I) preparation of a sol; (II) oxygen
plasma electrode etching; (III) spin coating deposition of the sol
onto the electrode; (IV) curing; (V) annealing.

These ve key steps control the thickness, surface rough-
ness, crystallinity, stoichiometry, substrate adhesion, and purity
of the thin lms. Through optimization in these stages, we
produced desirable building blocks for memristor devices and
identied the material features that affect the memristive
response, suggesting further ideas for optimization of the
material.

Among different growth processes, the sol–gel route has
been chosen to fabricate TiO2 thin lms since it provides
a versatile control over the crystalline phase and thickness of
lms.32 The sol–gel method in conjunction with spin coating
grants a considerable advantage over cluster source deposition,
feasibly providing highly dense materials with a low surface
roughness.33 Additionally, the stoichiometry of thematerial may
be controlled by introduction of dopants into the sol or pro-
cessing the lms in a selected atmosphere; in contrast, stoi-
chiometry control is extremely challenging using laser ablation,
radio frequency, and magnetron sputtering.34 Moreover, the
low-cost wet chemistry method enables lower cost deposit than
the more expensive atomic layer deposition method.

Close-packed TiO2 grains are known to form from a three-
dimensional polymeric skeleton, whose growth is favorable
from titanium alkoxides with low water content, low hydrolysis
rate, and high concentration of Ti(OR)4 in the reaction
mixture.35 In order to achieve a low hydrolysis rate, the chelating
agents are introduced to the reaction mixture.

The stabilized resulting sol ensures the reproducibility of the
obtained material properties. Ti(i-OPr)4 was used as a precursor
with the assistance of 2-aminoethanol as a chelating agent, in
conjunction with 2-methoxyethanol or ethanol, for routes 1 and
This journal is © The Royal Society of Chemistry 2017
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Table 2 Optical parameters of TiO2 films at lex ¼ 632.8 nm after the
final treatment at 400 �C

Sample set
label Na

Prolometryb Ellipsometryc

PorositydThickness [nm] n Thickness [nm]

1TPA #1 30 2.00 32 0.3
#2 52 2.24 60 0.16

a Number of layers. b Thickness values obtained by prolometry
measurements. c The results were evaluated by the ellipsometry
technique (at lex ¼ 632.8 nm), an average of 5 measurements.
d Porosity was estimated from optical parameters.
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2, correspondingly.26,27 Among conventional chelating agents, 2-
aminoethanol has been chosen due to a relatively low boiling
point, ensuring efficient removal from the lm during the heat
treatment stage. Table 1 summarizes the TiO2 thin lms
prepared from two different sol compositions.

The lms obtained by the 1st route and annealed in the
atmosphere of air, 1TPA, were comprehensively studied by SEM,
FE-SEM, XPS, FT-IR, micro-Raman, and prism coupling m-line
spectroscopy in conjunction with transmittance, and prol-
ometry measurements, and the results were reported else-
where.27,28 In summary, the 1st route led to the formation of
uniform, awless and dense lms of about 52 nm thick (double
layer) consisting of anatase TiO2 grains. The 1st route uses 2-
aminoethanol as a chelating agent in conjunction with 2-
methoxyethanol as a coordinating solvent. In order to demon-
strate the effect of 2-methoxyethanol in the sol, the reaction
mixture was prepared in presence of absolute ethanol instead of
2-methoxyethanol (route 2). SEM images (not shown) displayed
the absence of any noticeable micro defects at themagnication
up to 12 000 on the surface of 1 and 2 layered samples prepared
by route 2 on Pt/Ti/SiO2 substrate. Therefore, considering the
absence of the defects observed by SEM, the exclusion of 2-
methoxyethanol from the sol may be benecial since it allows
elemination of a toxic solvent and lowering a process cost.
Based on these promising outcomes, a memristive cell with a Pt
top dish electrode was fabricated and the results of electrical
testing are discussed below.

The second step of thin lm preparation is cleaning and
modication of the substrates. For a reliable memristive
response, it is essential to remove carbon-based pollutants from
the surface of SiO2/Ti/Pt electrode by cleaning and oxygen
plasma etching procedures, as reported previously.27,28 In
addition to a cleaning function, oxygen plasma treatment is
essential for the improvement of SiO2/Ti/Pt electrode adhesion
to the titania sol. In our previous studies,27 we observed the
peeling of TiO2 layer in the absence of oxygen plasma etching.
For the transmittance and m-line measurements, the deposi-
tion of the sol (route 1) on silica substrates was performed. The
improvement in the adhesion of silica to the titania sol may be
achieved by placing the substrates in distilled water overnight,
by 30 minutes treatment with fresh piranha solution or by
oxygen plasma etching.27

The third key step in thin lm fabrication is deposition of the
titania sol by spin coating. Spin coating provides the control
over homogeneity of the resulting lm thickness and even a size
of nanoparticles.36 In our studies, we have performed the spin
coating in a clean room; the sol prepared in a conventional lab
Table 1 TiO2 thin films were fabricated from two different sol compositio
for 1 h in an atmosphere of air

Name Sol–gel route Sol composi

1TPA 1 Ti(i-OPr)4, 2-
2TPA 2 Ti(i-OPr)4, et

a The resulting sol is further diluted with ethanol (1 : 2, sol : alcohol).

This journal is © The Royal Society of Chemistry 2017
was ltered through a Teon lter prior to the deposition. Static
dispensing method was used and the whole area of the elec-
trode was covered by sol prior to the start of spinning. We found
that 50 s spinning time at 3000 rpm was sufficient to evaporate
2-methoxyethanol. For the fourth step, the resulting lms were
cured at 150 �C for 1 h.27

Annealing is the h key step in the thin lm formation.
Thermally cured TiO2 thin lms prepared by the route 1 were
annealed in an atmosphere of air at 400 �C for 1 h with a heat-
ing/cooling rate of 1 �C min�1. Thickness, refractive index, and
porosity of the annealed lms, 1TPA, were studied by ellips-
ometry and prolometry (Table 2). Ellipsometry measurements
were carried out both on a bare electrode (SiO2/Ti/Pt) and on
1TPA (1 and 2 layered) in order to determine the refractive index
(RI) at 632.8 nm and thickness of the lms. The bare electrode
yielded an RI value of n¼ 2.07 + i4.24 @ 632.8 nm. The obtained
values of RI and thickness of 1TPA with a different number of
layers are reported in Table 2. Prolometry measurements were
performed in order to conrm the thickness value obtained
through ellipsometry measurements (Table 2). For 1TPA (1 and
2 layers) the thickness values were estimated to be 30 and
52 nm, correspondingly, and are in agreement with the optically
derived values.

The porosity of 1TPA was evaluated from optical measure-
ments as previously described in literature.27 The results re-
ported in Table 2 revealed the decrease in the porosity of the
lms aer annealing with respect to the porosity of the “green”
samples (P ¼ 0.4–0.6) studied in,27 suggesting that heat treat-
ment at 400 �C leads to dense TiO2 structures.

Atomic force microscopy (AFM) was performed to establish
the surface roughness of the resulting lms. The AFM images
acquired from 1TPA at different magnications (from 200� 200
nm2 to 10 � 10 mm2) show exceptionally smooth surfaces with
ns, deposited on Pt/Ti/SiO2 electrodes, cured, and annealed at 400 �C

tiona Number of layers

methoxyethanol, 2-aminoethanol #1 and #2
hanol, 2-aminoethanol #1 and #2

RSC Adv., 2017, 7, 1654–1663 | 1657
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roughness (Rq) of about 0.7 � 0.1 nm (Fig. 2). Additionally, no
defects, such as holes, were observed by AFM surface prole
measurements. The resulting smooth surface is benecial for
a consistent electric response along the lm in a corresponding
memristive cell.

Further investigation of 1TPA (2 layers) was performed by X-
ray diffraction measurements (XRD). The XRD analysis of 1TPA
was challenging, owing to the low thickness of TiO2 lms and
relatively high penetration depth of the Cu-ka X-ray radiation in
the material (�tens of microns). Therefore, a careful calibration
of an optimal incidence angle of the primary X-ray beam
(omega) had to be performed. Lower incidence angles allow the
optimization of the signal from TiO2 thin lms with respect to
SiO2/Ti/Pt electrode, simultaneously reducing the total signal
statistics. Thus, an omega angle of 1� had been chosen to
acquire the data as the best compromise.

The diffraction spectrum collected on 1TPA is shown in
Fig. 3. The broadened peak centered at �21� is typical of an
amorphous phase and attributed to a SiO2 substrate. The sharp
diffraction peaks at 25.5�, 38�, 48.3�, 54�, 55.3� and 63� were
indexed with the (101), (004), (200), (105), (211) and (204) well-
crystallized anatase reections, respectively.37 The remaining
diffraction peaks were assigned to a Pt cubic phase. Most
importantly, no additional diffraction peaks corresponding to
other polymorphs of TiO2, such as rutile and brookite, were
observed.

XRD data were modeled by means of a full-pattern approach
based on the Rietveld method as implemented in the Maud
soware.38 The sample model is a three phase mixture,
Fig. 2 AFM image of 1TPA, at 2 � 2 mm2, (left) and surface profile
(right). Rq is 0.75� 0.08 nm at this acquisition scale. False color vertical
scale from �2 to 2 nm.

Fig. 3 X-ray diffraction data collected on the sample 1TPA (2 layers),
with indexing of relevant phases.

1658 | RSC Adv., 2017, 7, 1654–1663
accounting for crystalline platinum, anatase TiO2, and amor-
phous silica from the substrate. Modeling parameters are
included, in addition to the crystal phases volume fractions and
the scale factors, and the average crystallite sizes for both Pt and
TiO2 phases. The experimental diffraction intensities origi-
nating from Pt slightly differ from those calculated from the
reference literature structure, which may be attributed to
a possibility of preferred orientation. Alternatively, any signi-
cant preferred orientation can be excluded for the TiO2 layer,
considering a good agreement between experimental and
calculated intensities.

During the annealing step, control over crystallinity, the
desired stoichiometry, and purity of the lm may be achieved.
At this step, the introduction of oxygen vacancies in the TiO2

layer may be performed by heat treatment of the lm in
vacuum.22 The resulting thin lms containing a substantial
number of oxygen vacancies have a potential to yield a mem-
ristive response in an absence of the electroforming stage,
which is not possible for the samples annealed in an atmo-
sphere of air.39 In our previous studies, changes in a chemical
composition of the TiO2 layer were introduced by annealing the
samples in air, vacuum and oxygen (Table 3).28 The preliminary
data on electroforming and memristive response were studied
in order to nd the correlation of electrical outcomes with the
chemical composition of TiO2 thin lms.28

Fig. S2† shows XPS surveys of TiO2 samples annealed in air,
oxygen, and vacuum, 1TPA, 1TPA-Si, 1TPO, and 1TPV. It was
discovered that the silicon contamination originated from the
oven (Fig. S2,† 1TPA-Si). To prevent this, the samples were
annealed in a different compartment (Fig. S2,† 1TPA). Although
the problem with a Si contamination was successfully resolved,
the produced samples still suffered with contamination by
carbon and nitrogen, predominantly on the surface.28

The core lines spectra of O 1s and Ti 2p acquired from the
four samples are shown in Fig. 4. The O 1s core line proles of
1TPA, 1TPA-Si, and 1TPO display two peaks at 531.4 eV and
529.7 eV. The rst one is attributed to oxygen from the surface
contamination (Si–O, C–O),28 whereas the second peak corre-
sponds to O–Ti bonding.40 For the 1TPV sample, the peak that
arises from O–Ti is slightly shied toward higher energies,
529.95 eV, which may be ascribed to the contribution of oxygen
vacancies.41 For all the samples, the Ti 2p core line proles are
identical with a doublet at 458.50 and 464.21 eV, corresponding
Table 3 Fabricated TiO2 thin films by route 1, annealed at 400 �C for
1 h in a variety of atmospheres

Sample Atmosphere of annealing

1TPA-Si Air (Si-contaminated oven)
1TPA Air (clean oven)
1TPO Oxygena

1TPV Vacuumb

a The oven chamber was purged with oxygen (5 L min�1) for 10 min
prior to the heat treatment. b The oven chamber was ushed with
nitrogen for 2 min at 35 �C prior to the heat treatment in vacuum
(350 � 100 Pa).

This journal is © The Royal Society of Chemistry 2017
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Fig. 4 XPS core lines spectra of Ti 2p (left) and O 1s (right) acquired
from 1TPA, 1TPA-Si, 1TPV, and 1TPO at 0� probing angle.
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to the Ti 2p3/2 and Ti 2p1/2 spin–orbit peaks of TiO2.40 No signals
from lower oxidation states of titanium, for example, Ti3+ at
457.1 eV, were observed.41

Structural investigation of the samples prepared by route 1
and annealed in a variety of atmospheres was performed by
micro-Raman spectroscopy, providing the evaluation of the
phase composition as well as a degree of order–disorder at
a short range of TiO2 crystalline structures based on relative
intensity, width, and displacements of vibrational modes.
Raman spectra of all TiO2 thin lms are shown in Fig. 5. For all
the spectra, the 5 vibrations of anatase phase were observed: (a)
Eg, related to the symmetric stretching of Ti–O–Ti, (b) B1g,
caused by the symmetric bending of O–Ti–O and (c) A1g peak
associated with the asymmetric bending of O–Ti–O.27,42 More-
over, no signals arising from other polymorphs of TiO2,
brookite and rutile, were observed in Fig. 5. The latter is in
agreement with the presence of solely anatase phase observed
by XRD.

In order to evaluate the role of the atmosphere during the
temperature treatment, the Raman spectrum from TiO2

commercial powder (anatase, Sigma-Aldrich) was acquired as
a model. The most intense peak Eg (1) for all the samples, 1TPA,
1TPA-Si, 1TPO, and 1TPV, is blue-shied and broadened
compared to the model spectrum acquired from the commer-
cial powder (Fig. 5). The shi of Eg (1) in the thin lms may be
Fig. 5 Raman spectra acquired from TiO2 thin films annealed in
a variety of atmospheres together with the model Raman spectrum
obtained from TiO2 powder (Sigma Aldrich).

This journal is © The Royal Society of Chemistry 2017
attributed to a variety of effects, including disorder induced
defects and phonon connement.42,43 Additionally, the broad-
ening of the peaks may be associated with a size of crystallites
and its distribution.44

Simultaneously, the red shi and broadening of B1g, A1g, Eg

(3) of 1TPV spectrum, may be caused by several competing
mechanisms, including the nonstoichiometry due to oxygen
vacancies, disorder induced defects, and phonon connement
effects.45–47 Insofar as the reduced heat transfer in vacuum could
affect a size of the crystallites compared to the samples pro-
cessed in air or oxygen, broadening of Raman bands can be
attributed to the variation in the size of crystallites.43,48

In order to further investigate the effect of the annealing
atmosphere on the structural properties of the thin lms, X-ray
absorption spectroscopy (XAS) was performed. In the following,
a brief summary of the TiO2 valence and conduction bands'
nature is given, providing a complete understanding of the XAS
spectra reported in Fig. 6. The valence band is mainly formed by
O 2p (mostly O 2p-derived) levels hybridized with Ti 4s and 4p
orbitals.49 The conduction band (probed by the XAS experiment
presented here) is formed by Ti 3d, 4s and 4p, and O 2p orbitals.
The crystal eld induced by surrounding oxygen atoms splits Ti
3d orbitals in two sub-bands, namely t2g and eg. Due to the
specic orientation toward O 2p orbitals of the surrounding
oxygen and larger hybridization with O, the eg transition peak is
slightly more intense than the t2g transition peak and highly
sensitive to the crystal structure and coordination.

Fig. 6 (le) provides a comparison of O K-edge XAS spectra of
the sol–gel derived TiO2 samples annealed in different condi-
tions. In agreement with the previous works,50–54 all the TiO2

samples exhibit two main peaks centered at �531 and 534 eV
(labeled as A and B) and additional structures at a higher energy
(labeled as C, D, and E). The two main peaks A and B are
attributed to the transition from O 1s into t2g and eg bands,
respectively, induced by the crystal eld. Other features at
higher energy (C, D, and E) are attributed to the transition from
the O 1s level to the O 2p and Ti 4s/4p antibonding bands.

All the spectra in Fig. 6 are very similar (especially lower
energy regions), indicating that the electronic structures of the
Fig. 6 OK-edge X-ray absorption spectra of TiO2 samples annealed in
air, vacuum, and oxygen, 1TPA, 1TPV, and 1TPO, correspondingly (left);
Ti L2,3-edge X-ray absorption spectra of TiO2 samples annealed in air,
vacuum, and oxygen, 1TPA, 1TPV, and 1TPO, respectively (right).
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TiO2 samples studied in this work are alike. Nevertheless, the
peaks in the spectra of air and vacuum annealed TiO2 lms,
1TPA and 1TPV, are broadened and less resolved compared to
the bands arising from oxygen annealed lms, 1TPO. Such
a broadening in the spectra is correlated to the signal contri-
bution from amorphous solids, due to slight variations in bond
lengths and angles. Additionally, a signicant decrease in the
distance between the peaks A and B from�2.6 to 2.0 eV in 1TPA
and 1TPV with respect to 1TPO was observed. Such a decrease of
the ligand eld splitting (i.e. the energy difference between the
t2g and eg originated transition) leads to a shi of the peak B to
a lower energy and is compatible with a slightly different and
inhomogeneous chemical environment together with a less
dened structure in the samples annealed in air and vacuum,
1TPA and 1TPV, with respect to the one annealed in oxygen,
1TPO. The shi of the peak B toward a lower energy is consis-
tent with a higher sensitivity to the local environment of the eg
transition. A small shi of the peak A by�0.4 eV toward a higher
energy is observed for 1TPA and 1TPV samples with respect to
1TPO. This can be attributed to a slightly larger band gap, which
is probably correlated to a small intermixing of anatase with
amorphous phase. However, no amorphous phase is detectable
in the sample annealed in oxygen, 1TPO.

In contrast to the O K-edge spectra reported in Fig. 6 (le),
the Ti L2,3-edge spectra shown in Fig. 6 (right) are considerably
more structured and complex. The transitions in the Ti L2,3-
edge spectra involve excitations from Ti 2p levels to Ti 3d states
of a conduction band. As suggested by de Groot et al.,55,56 the
complexity of the spectra mainly originates from the interaction
between Ti 3d electrons (that are poorly screened) and Ti 2p
core hole. Due to the spin–orbit coupling of Ti 2p orbitals, all
the peaks from the samples are split into two groups L3 and L2
separated by�5.5 eV. In addition to the spin–orbit coupling, the
crystal eld splits the 3d level (i.e. L3 and L2) into two sub-bands
t2g and eg (as in the O K-edge spectra). Apparently, all the spectra
reported in Fig. 6 (le) are relatively similar and clearly indicate
that the major contribution to the spectra is ascribable to the
anatase phase. Only 1TPO shows a small shi of the C and C0

transitions to a higher energy that is attributed to a slightly
different band gap with respect to the other two samples that
show a minor contribution of an amorphous phase to the
anatase phase.

For all the samples, the eg band in the L3 as well as in the L2
regions is split additionally into two peaks labeled as D, E and
D0, E0, respectively. This split is commonly attributed to
a distortion of crystal symmetry from an ideal octahedral Oh

geometry to D2h and D2d geometries.57 Moreover, the splitting
can also be correlated to a different coupling of electronic and
vibrational states (i.e. Jahn–Teller effect) and to different
degrees in the long-range order.57

In Fig. 6 (right) the D/E ratio clearly shows that the anatase is
a predominant phase in all the samples, even if for 1TPV and
1TPA the presence of an amorphous phase cannot be excluded,
which would be in agreement with the increased broadening of
the peaks. The spectrum of 1TPO shows shis of the compo-
nents D, E and D0, E0 to higher energies, by 0.3 eV and 0.45 eV,
respectively. Moreover, different energy shis, together with
1660 | RSC Adv., 2017, 7, 1654–1663
a higher broadening and a change in the D/E ratio, can be
attributed to a higher degree of crystallinity and different
symmetry distortion around Ti atoms in 1TPO with respect to
1TPV and 1TPA. These considerations are also consistent with
a shi of the L2 eg transition toward a lower energy for 1TPA and
1TPV.

All the spectra reported in Fig. 6 (right) show two additional
features A and B in a lower energy range at �457 eV that on the
base of theoretical calculations performed by de Groot et al.55,56

and Finkelstein et al.58 are attributed to strong interactions
between poorly screened Ti 3d electrons and Ti 2p core hole,
together with sharp features presented in Ti 3d partial density
of states.

The combined data obtained by Raman and XAS suggest that
1TPA, 1TPV, and 1TPO display modest differences in the TiO2

anatase crystal structure and, thus, may inuence electrical
properties of the materials. Most ordered, coherent and dened
structure was detected in 1TPO, whereas the highest degree of
disorder and defects was observed in 1TPV. Therefore, anneal-
ing represents a powerful tool for ne tuning of the TiO2

structure.
The electrical studies were performed with Pt both as top and

bottom electrodes. The memristive response of the cell (Fig. 1)
is dependent on semiconductor and electrode materials and on
electrical input parameters, including applied voltage or
current, frequency, and environment.39 Therefore, the mem-
ristive behavior of Pt/TiO2/Pt can be pre-programmed at the
electroforming step. For instance, the bipolar or unipolar
switching behavior can be tuned by adjusting an appropriate
compliance value of current during the activation. The electro-
forming parameters have to be chosen carefully both to ensure
a stable switching behavior and to avoid a breakdown of the
material.

The fabrication of the memristive cell was performed by the
deposition of Pt top electrode dishes (270–300 mm in diameter,
40–50 nm thick) on 1TPA-Si, 1TPA and 2TPA building blocks by
the electron beam evaporation method (Fig. 1b). Electrical
characterization was performed on 1TPA-Si and 1TPO samples
with Pt dish and Pt tip top electrodes, correspondingly, and
reported elsewhere.28 Briey, it was found that 1TPO sample
failed to perform a stable memristive behavior aer an elec-
troforming recipe and resulted in a breakdown. More likely,
a highly ordered crystal structure with an absence of the defects
is responsible for such a poor performance. Meanwhile, 1TPA-Si
showed a steady memristive response without a collapse; thus,
only the samples annealed in the atmosphere of air are dis-
cussed further on.

Driven by the promising results reported in28 current and
voltage-controlled activations were tested. Fig. S3† shows
gradual voltage-controlled electroforming performed on virgin
insulating 1TPA-Si with a resistance of gigaohms. At rst, eight
negative sweeps from 0 to �5.5 V were applied with a compli-
ance current of 20 mA and 60 s duration (Fig. S3†). Even though
the compliance current was not achieved, with every sweep the
current value at �5.5 V increased, suggesting a gradual forma-
tion of a memristive channel. Then, four sweeps from 0 to �6 V
and other four from 0 to�6.5 V were performed with an absence
This journal is © The Royal Society of Chemistry 2017
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Fig. 7 Memristive responses from (a) 1TPA-Si, 5 cycles; and (b) 2TPA, 3 cycles, after a voltage-controlled electroforming.

Fig. 8 Memristive response from 1TPA dishes (left, 4 cycles) and
crossbar (right, 10 cycles) after a current-controlled electroforming.
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of any noticeable change in a current value. Thus, the voltage
window of a sweep was opened up to �8 V and the compliance
current of 20 mA was nally achieved, resulting in a SET state
(Fig. S3, right†). A RESET state was attained during a positive
sweep from 0 to +1.5 V.

Based on the data above, a value of �8 V has to be achieved
during the negative sweep in order to fully open the channel.
Once the channel is formed, the voltage window can be nar-
rowed to a �5 to +2 V range (Fig. 7a and b). Under these
conditions, a hysteresis loop was observed with a (v, i) ¼ (0, 0)
pinch.

The observed asymmetrical switch suggests that the device is
a non-ideal memristor, since an ideal memristor behavior is
symmetrical.59 The asymmetry of the switch may be attributed
to the asymmetry of the device. For instance, the semiconductor
layer may contain more oxygen close to a bottom electrode,
since it was treated with oxygen plasma, resulting in an uneven
distribution of oxygen vacancies at the electroforming stage.39

In addition to that, the annealing atmosphere and the envi-
ronment, in which the measurements are performed, may
generate the asymmetry of the material composition, and thus,
the response. Since 1TPA-Si displays a linear I–V relationship
through the origin, the behavior can be assigned to a generic
class of memristors.59

Considering the suitable characteristics of 2TPA layer, the
corresponding memristive cell with Pt dishes as top electrodes
was fabricated and the electrical testing was performed aer
a voltage-controlled electroforming (Fig. 7b) with a recipe
similar to the one described above. The nature of the electrical
behavior is very similar to 1TPA-Si, except for the voltage
window, that is narrowed in the case of 2TPA. Additionally, the
endurance is reduced for 2TPA compared to the 1TPA-Si based
memristive cell.

Apart from the voltage-controlled electroforming, the
current-controlled activation was tested on 1TPA lms with
dishes and a crossbar architecture (Fig. 1).

The current-controlled electroforming was performed on
1TPA with a Pt top dish as a top electrode by applying �500 mA
with a 100 nA step and a compliance of 15 V, that was followed
by a sweep of 500 mA with a 100 nA increment and a compliance
of 15 V (Fig. S4†).

Similar to that, the current-controlled electroforming was
performed on the crossbar architecture by applying 200 mA with
This journal is © The Royal Society of Chemistry 2017
a 500 nA step and a compliance of 15 V. The resulting switching
behavior displayed higher stability, durability, and low power of
operation. The nature of the memristive switch differs from the
one obtained for the voltage-controlled electroforming (Fig. 7
and 8, right). Clearly, apart from the voltage range, the I–V curve
becomes nonlinear; suggesting that the nature of the memristor
is altered compared to the voltage-controlled electroforming.
Overall, the device can be classied as a non-ideal bipolar
extended memristor, as suggested by Chua.59 Upon the current-
controlled electroforming, the switch is more symmetrical than
the one observed aer the voltage-controlled activation.
Although in a virgin state the sample had a resistance of 100 kU,
the SET was observed with a resistance of 20 kU, whereas the
RESET displayed a resistance of 1.1 MU; giving RON/OFF � 55.
The device based on 1TPA with a Pt top dish electrode displayed
at least 500 consecutive switching cycles (Fig. S5†). Overall, the
electroforming input parameters and the architecture of the
device inuence the memristive switch behavior.

Previously observed structural changes in a memristive cell
during the measurements were attributed to the evolution of
molecular oxygen with a subsequent damage of the Pt top
dishes electrodes.28 The “so” electroforming reported herein
may be benecial for the slow and gentle O2 evolution, thus,
avoiding the damage of electrodes.
4. Conclusions

Herein, the fabrication of SiO2/Ti/Pt/TiO2 by the sol–gel method
and the corresponding memristive cells is reported. The inu-
ence of the sol's chemical composition and processing
RSC Adv., 2017, 7, 1654–1663 | 1661
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parameters on the nal properties of TiO2, and therefore on the
memristive response, was thoroughly studied by micro-Raman
and transmission spectroscopy, prolometry, ellipsometry, X-
ray photoelectron spectroscopy (XPS), atomic force microscopy
(AFM), X-ray absorption and diffraction spectroscopies (XAS
and XRD). It was shown that the minor changes in the key steps
of the TiO2 thin lms fabrication affect the electrical response
of the corresponding memristive cells. Moreover, the electro-
forming input parameters together with the architecture of the
device inuence the memristive switch behavior. All together,
they provide a handful tool for the desirable electric outcome.
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