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Abstract

CrossMark

The electrical properties of thin TiO, films have recently been extensively exploited with the
aim of enabling a variety of metal-oxide electron devices: unipolar and bipolar semiconductor
devices and/or memristors. In these efforts, investigations into the role of TiO; as active
material were the main focus; however, electrode materials are equally important. In this

work we address this point by presenting a systematic quantitative electrical characterization
study on the interface characteristics of metal-TiO,-metal structures. Our study employs
typical contact materials that are used both as top and bottom electrodes in a metal-TiO,-
metal setting. This allows an investigation of the characteristics of the interfaces as well as
holistically studying an electrode’s influence on the opposite interface, referred to in this work
as the top/bottom electrodes inter-relationship. Our methodology comprises the recording of
current—voltage (I-V) characteristics from a variety of solid-state prototypes in the temperature
range of 300K -350K, and their analysis through appropriate modelling. Clear field- and
temperature-dependent signature plots were also obtained, so as to shine more light on the
role of each material as top/bottom electrodes in metal-TiO,-metal configurations. Our results
highlight that these are not conventional metal-semiconductor contacts, and that several
parameters are involved in the formation of the interfacial barriers, such as the electrode’s
position (atop or below the film), the electronegativity, the interface states, and even the
opposite interface electrode material. Overall, our study provides a useful database for
selecting appropriate electrode materials in TiO,-based devices, offering new insights into the

role of electrodes in metal-oxide electronics applications.

Keywords: TiO,, metal electrodes, Schottky barrier, RRAM, TFT, selectors

(Some figures may appear in colour only in the online journal)

1. Introduction

Metal oxides (MOs) have a unique ensemble of proper-
ties with great potential to meet the diverse requirements
of modern electronics. Specifically, they offer low temper-
ature (<100 °C) manufacturability [1] and thus compliance
with large-scale uniformity and deployment on alternative
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materials (paper, flexible); adequate device level mobility [2]
that can be further optimised by engineering appropriate gate
dielectrics; high transparency due to their wide band gap; the
capacity for post-fabrication tunable resistance (memristive
effects) [3, 4], and good chemical stability. These features
have led to the use of MOs in a variety of applications ranging
from resistive random access memories (RRAMs) [5, 6] and
thin film transistors (TFTs) [7, 8] to oxide-based photovol-
taics [9] and sensors [10], introducing a new era for large area
transparent/stretchable electronics [11, 12] and neuromor-
phic systems [13, 14]. It is also worth mentioning two very
recently published perspective articles [15, 16] discussing this
envisioned new era. To this end, a variety of materials have

© 2018 IOP Publishing Ltd  Printed in the UK
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been scrutinised over recent years with distinct MOs (and thus
properties) being exploited according to the requirements of
the application, e.g. neuromorphic applications favour MO
devices that show a large memory capacity [4].

TiO, is without a doubt one of the most celebrated mat-
erials through practical implementations of memristors [17],
TFTs [18, 19], sensors [20], and corollary applications of
these. The ability of TiO, to obtain varying microstructures
(i.e. amorphous, micro- and nano-crystalline, rutile, anatase,
etc), and thus a plethora of electronic properties that can be
determined or controlled by the fabrication and/or biasing con-
ditions, has augmented its use in practical applications. This is
further enhanced by the incorporation of foreign metal ele-
ments (doping) in TiO, thin films, which was shown to
improve RRAM switching characteristics [21] and also to
enable both n- and p-type functionalities [22, 23]. The latter
area is still in its infancy, but offers substantial prospects for
low-temperature manufacturable electronic systems. Research
efforts are thus targeted at addressing outstanding challenges
[24], with first proof-of-concept results on the development of
bipolar components based entirely on TiO, p-n homo-junctions
[25, 26] showcasing the exciting technological potential.

Notwithstanding the importance of the oxide active layer,
identifying appropriate metal contacts and deciphering their
interfacial role is now of paramount importance to a device’s
electrical behaviour. This role becomes even more important
in highly scalable thin-film structures where their proper-
ties strongly rely on interfacial effects. Considering the up-
to-date studies, metal contacts on oxide materials appear to
be attracting important and continuously increasing research
attention. Various metals on various oxide materials have
been assessed, and focused methods have been introduced
aiming at both the development of reliable contacts [27]
and an understanding of the formation mechanism [28, 29].
Moreover, important advances in understanding the nature of
metal/oxide (electrolyte) contacts are also being made in the
field of RRAM cells, revealing the interesting nano-battery
effect [30] and highlighting the role redox processes [31] of
interfacial layers [32] and moisture [33]. These aspects were
recently summarized in a topical review [34]. All the above
suggest that these are not conventional metal-semiconductor
contacts where the metal work function dominates the pro-
cess. Fabrication details [27, 35], environmental conditions
[36] and electrochemical interactions [37] all make significant
contributions as well.

More specifically, regarding the metal-TiO; contacts, it was
reported that recording the rectification ratio measured at a
read-out voltage of =1 V for a variety of top electrodes (TEs)
(deposited by RF magnetron sputtering on a metal-TiO,-(non-
rectifying-Pt) configuration) can reveal the role of a metal’s
electronegativity on the formation of the interface barrier [38].
In the same study, barriers evaluated by the forward diode
current suggested partial Fermi level pinning. In addition,
the role of the TE (evaporated through a shadow mask) on a
metal-TiO,-(non-rectifying-Pt) memory cell, evaluated with a
read-out voltage of £1 V, was correlated to the formation free
energy for the top metal electrode oxide [39]. Moreover, the
symmetry or asymmetry of metal-TiO,-(non-rectifying-Al)

current—voltage characteristics was also attributed to the top
metal fabrication details, such as the thermal annealing [40].
More recently, the source and drain electrodes of TiO,-based
TFTs were found to play a major role on performance param-
eters such as the on/off ratio and the field effect mobility [19].
All the above assessments are restricted to room temperature
semi-quantitative approaches, focusing only on studying elec-
trodes formed on top of TiO, films.

In this paper we present a detailed quantitative electrical
characterization study of metal-TiO, interface characteris-
tics. The work involves the commonly used contact metals
acting as both top and bottom contacts in metal-TiO,-metal
configuration; it also reports the influence of the TE material
on the bottom electrode (BE) interface. This is performed by
recording the current—voltage (/-V) characteristics at different
temperatures and through appropriate modelling and analysis
that includes field- and temperature-dependent signature plots.
Considering also the potential applications, the design and
fabrication of all prototyped samples on which this study was
based remained aligned to standard low-temperature micro-
electronic processes, while the electrodes were patterned
through optical lithography and deposited via electron-beam
evaporation.

2. Experimental

The tested devices were fabricated on two separate six-inch
Si wafers having a 200 nm thick SiO, layer that was grown by
dry oxidation at 1000 °C with 5 slm of O, flow. All electrodes
and active areas were patterned via standard optical lithog-
raphy and lift-off processes [41]. The first fabricated wafer
was prepared in order to study the influence of TE metal varia-
tions on the performances of devices. Therefore, a common
BE metal was used, Au, with a thickness of 20 nm preceded by
a 5nm Ti adhesive layer. The TiO,_, core film was deposited
on top of the Au BE by Lambda-controlled plasma-assisted
reactive magnetron sputtering (Helios Pro XL, Leybold
Optics) using a Ti target, with 8sccm O,, 35sccm Ar flows
and 2 kW at the cathode, and 15sccm O, flow and 2 kW at an
additional plasma source. This industrial tool provides high-
quality films with low thickness variations across the wafer.
Using a Woolham MD2000D ellipsometer, the TiO,_, thick-
ness across a six-inch wafer was found to be 24.09 £ 0.16nm
(see the ellipsometry measurements shown in figure 1(c)).

Films deposited by the above procedure exhibit an amor-
phous and almost stoichiometric nature of TiO,_,, with x in
the range of 0.05-0.10, as previously demonstrated in the
x-ray absorption spectroscopy study [42]. For the TEs, five
separate areas were defined for the depositing of different TE
metals: Al, Ti, Ni, Pt and Au, with thicknesses of 15 nm depos-
ited by electron beam evaporation at a low rate of 0.5 Asl,
for better uniformity, and comparable to deposition rate of the
BE.

A similar fabrication flow was adopted for the fabrication
of the second wafer, which was dedicated to a study of the
influence of the BE metal variations on the performances of
TiO,-based (24nm) devices. In this wafer, four BE metals
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Figure 1. Two wafers were fabricated. The first (a) was dedicated
to the study of different TE materials (Al, Ti, Ni, Au, and Pt, shown
in grey in (a)), having a common Au BE. The second wafer (b)

was dedicated to the study of different BEs with an identical TiN
TE (Au, Ti, Ni, and Pt, shown in grey in (b)). In both cases, highly
uniform (24.09 £ 0.16 nm) amorphous TiO,_, films (c) were
deposited as active area.

were chosen; Ti, Ni, Pt and Au, with thicknesses of 15nm. A
5nm Ti layer was also used, for adhesive purposes. After TiO,
active film deposition and patterning, the same metal (15nm
TiN) was sputtered across the wafer, serving as the TE for all
four combinations.

The current versus voltage (I-V) characteristics were
obtained on 30 x 30 um? devices using our in-house mem-
ristor characterization platform ArC ONE™ [43]. The voltage
sweeping was carried out in staircase mode towards posi-
tive biases, while both positive and negative polarities were
always applied to the TE with respect to the BE that was con-
tinuously kept grounded. All experiments were performed on
a Cascade Summit 12000B semi-automatic probe station that
incorporates a thermal chuck, the temperature of which can be
controlled by an Espec ETC-200L unit. Measurements were
performed in the temperature range of 300 K-350 K. The dis-
continuity appearing at V = 0V in some I-V curves is a result
of our data acquisition system that does not acquire this point.
The effect is negligible in most of the cases, but not when
measuring more conductive samples and for higher temper-
atures (340 K-350K), when the conductivity/current further
increases. However, this has no effect on the measured data.
Finally, it is worth mentioning the role of moisture, which was
reported to affect both the transport and switching properties
[36, 37, 44] of devices based on sputtered oxide films due to
their porous structure. Despite this effect having not shown
significant influence in the case of TiO; layers [44], our exper-
imental procedure was performed in an environment where
humidity and temperature were carefully controlled in order
to minimize their influence on the measurements.

3. Results and discussion

3.1. Device modelling and parameters extraction

The studied metal-TiO,-metal devices are presented in
figure 2(a). In order to obtain quantitative results the tested
devices were modelled by the equivalent circuit presented in
figure 2(b). This consists of two series resistances accounting
for the top (Rrg) and the bottom (Rgg) access electrodes and
the device under test (DUT). As TiO, exhibits an intrinsic
n-type character [23], the DUT can be considered as two
inverse polarised Schottky diodes, both emulating the TE and
BE contacts, connected through a resistance that corresponds
to the TiO, core. This equivalent circuit was further used for
calculating the effective applied bias (V,g)/electric field across
the DUT, with respect to the bias applied through the voltage
source (Vs) and as a function of the measured current (/), sum-
marised by equation (1):

Ve = Vs — I (Rte + Rgg) . (1)

In the absence of an interface barrier, the Schottky diodes (TE
and BE) can be considered as short-circuit. In this case the I-V
characteristic should be symmetric with respect to the applied
bias polarity and the dominant transport mechanism is deter-
mined purely by the properties of the active layer film. For the
wide band gap materials, various mechanisms may dominate
the transport. Most of them are critically affected by the den-
sity and the energy distribution of the band gap states, and spa-
tially by the film microstructure, e.g. conduction paths across
the grain boundaries commonly exist in nanocrystalline films
[45]. Depending on the applied electric field intensity and the
operation temperature, transport may be dominated by hop-
ping, space charge limited currents, the Frenkel-Poole effect,
or even by free carriers in the bands [46]. The contribution
of internal point defect-related ionic motions [47, 48] and/
or those originating from the electrodes should also be taken
into consideration. In particular for TiO, films, the Ti/TiO,/Ti
stack appears to be very useful for these studies as it allowed
for a detailed assessment of the core material controlled con-
duction mechanism [49, 50]. The latter is supported by our
results, as Ti was found to form ohmic or non-rectifying con-
tact when used both as a TE and as a BE.

Interface-controlled transport is typically identified by an
asymmetric -V characteristic with respect to the applied bias
polarity. The transport is then dominated by either tunnelling
through the barrier formed at the interface or by thermionic
emission over it. The two mechanisms can be distinguished
via the temperature dependence of the /-V [46].

Tunnelling currents obey the following equation (2):

I o< VZexp (—é) (2)

with b being just a constant. Consequently, an asymmetric,
temperature-independent /-V supporting also a linear relation
on a In(// Vfﬂ) versus //V, g signature plot serves as a strong
indication of tunneling-dominated transport.

Conversely, thermionic emission over the interface bar-
rier is the most common thermally-activated mechanism
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(b) I

Figure 2. The studied metal-TiO,-metal devices (a). The equivalent circuit was used to model the devices and the electrodes for our

quantitative analysis.

for interface-controlled transport. For those Schottky-type
contacts the current flow depends on whether the contact is
forward or reverse biased. The forward current—voltage char-
acteristic is given by equation (3):

a2 _CI‘I’BO){ <_q(V—Ime)> B }
Iy = AT exp ( XT exp KT 1 X

while the reverse biased case can be described by equation (4):

q(Ppo — a\/‘_’)>

KT “)

Loy = AT? exp (—
where K is the Boltzmann constant, 7 is the absolute temper-
ature, ®p is the zero bias potential barrier height at the metal/
MO interface, A = (area x A*), with A* being the Richardson
constant, n is the ideality factor, ‘a’ is the barrier lowering
factor, ¢ is the electron charge, and R stands for any series
resistance.

For the cases where an interface barrier is formed, which
is the main focus of this work, any positive bias applied to the
TE will result in a forward biased TE/TiO, contact and reverse
biased TiO,/BE contact. This is the system of two back-to-
back Schottky contacts that is described in detail in [51]. In
our case, we emphasize our analysis in the regime where the
current flow is determined by the reverse biased BE, given that
this constitutes the most resistive element in this series config-
uration, and thus as a first approximation we may assume that
Ve = V. The situation is the opposite when a negative bias is
applied to the TE; then the TE will determine the current flow.

For this regime, a straight line on a In(Z/T?) versus 1000/T
plot for any applied electric field serves as strong evidence
of thermionic emission. The slope of this line corresponds to
the apparent interface barrier (®y,,) and should decrease by
increasing the applied electric field/bias, as:

Papp = Ppo — a/Vep. Q)

If this ®,,, versus Velﬁ/c2 signature plot is also supported by
the extracted results, then the intercept extrapolated to V= 0
V provides an experimental determination of ®pj, while the
slope corresponds to «. By following the aforementioned

methodology we can obtain clear signature plots that allow
the deciphering of the transport mechanism and provide
quantitative measures of interfaces in metal-TiO,-metal struc-
tures. Moreover, this analysis does not require an accurate
knowledge of the Richardson constant for the amorphous MO
as this might differ by orders of magnitude with respect to its
commonly adopted value for silicon. This further highlights
the necessity for implementing a temperature-dependent
characterization.

3.2. The top electrode

The TE/TiO, contacts have been assessed to date mainly
through evaluating the DUT’s resistance at a specific read-out
voltage, typically of 1 V. Here we aim to present an approach
focusing more on a quantitative extraction of parameters with
physical meaning, i.e. the zero bias potential barrier at the
interface, ®p(. To do this, several configurations having dif-
ferent TEs were fabricated on the same wafer, with the TiO,
active layer films deposited on top of the Au BE during the
same process step. Therefore, with the exception of the TE
interface, identical characteristics are expected. To the con-
trary, the results depicted in figure 3 provide evidence that the
TE deposition plays a major role in the characteristics of the
device. For the I-Vs, the discrepancy appearing at V=10V,
as earlier mentioned, arises from our data acquisition system.
However, I-Vs not crossing the zero voltage point are also
expected in our case, due to the change in the dominant
Schottky contact at the point where the bias polarity changes
[51]. Moreover, it is worth mentioning, particularly for the
metal/electrolyte systems, that this behaviour has also been
correlated with the nanobattery effect [30]. A more detailed
study of this aspect will require precise measurements around
Zero.

Using Ti and Al as a TE result in no rectifying barrier
formation, and thus core material controlled conductivity,
depicted by the symmetric I-V curves (figure 3(a)). Despite
the identical (by fabrication) core films, differences in con-
ductivity are obtained. A possible mechanism for the role of
metal electrodes on the device resistivity is proposed in [39],
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Figure 3. Al and Ti as a TE result in a symmetric /-V, denoting no formation of an interface barrier (a). Asymmetric /-Vs obtained in the
cases of Au, Pt and Ni, suggesting an interface-controlled conduction mechanism (b).
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Figure 4. [-V curves versus temperature for Ni (a), Pt (b) and Au (c), TE.
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Figure 5. Signature plots (/-Vs at figure 4) of Ni (a), Pt (b) and Au (c), TE respectively, confirming Schottky emission as the dominant

transport mechanism.

based on the Ellingham diagram, where the argument is that
electrode metals interact with TiO, generating oxygen vacan-
cies. Oxygen vacancies act as n-type dopants, providing free
electrons in the MO conduction band and thus determining
the device resistance. The relation is not necessary straight-
forward, however, as in wide band gap materials the conduc-
tivity is also determined by the properties of the gap states
through mechanisms such as hopping and Poole—Frenkel.
Nevertheless, a thorough investigation of the conduction
mechanism through the film was not our main intent in this
work.

When Au, Pt and Ni (figure 3(b)) are used as the TE, inter-
face barriers are formed, as denoted by the asymmetric -V

curves (figure 3(b)). For these materials, a detailed temperature
characterization (figure 4) was performed and clear signature
plots were extracted (figure 5). This led to the calculation of
the zero bias potential barrier ®5y and the barrier lowering
factor « (figure 6(a)) that are summarized in table 1. For these
TE materials the conductivity is controlled by thermionic
emission over the interface barriers, as confirmed by the clear
signature plots (figures 5 and 6(a)).

Considering our pristine (not electroformed) and almost
stoichiometric TiO,_, films, a low concentration of mobile
ions is expected and the interface barrier should in principle
be proportional to the metal work function [46] (W, [52]). But
in cases where a large amount of defect states are present at



J. Phys. D: Appl. Phys. 51 (2018) 425101

L Michalas et al

0.60

Top electrodes on Au bottom

055F .

0.50 [
0.45]

m O, (Au)=0.70 eV
,,(Pt) = 0.61 eV

_ A '\-\_\.
0.40 |

0.35]
0.30]
0.25[

0.20]

Apparent Barrier (eV)

015

" n 1 " 1 " 1 n "
0.4 0.6 0.8 1.0 1.2 14 1.6

v " (Volts™)

0.75

(b) |

1 i
25 26

19 20 24 22 23 24
Electronegativity X

Figure 6. Experimental verification for the conduction mechanism and extraction of the zero bias potential barrier at the top interface (a).
The barrier is found to increase linearly with the electronegativity of the TE material (b).

Table 1. Quantitative results extracted from the experimental data
regarding the TE/TiO,interface.

Interface Additional
TE material Wy (eV) X, barrier at TE  information
Al 4.28 1.61 Non-rectifying contact
Ti 4.1 1.54 Non-rectifying contact
Pt 5.65 2.28 0.61 eV a=0.265eV?
Ni 5.15 1.91  0.50eV a=0.208eV?
Au 5.1 254 0.70eV a=0.203eV'"?

the interface, the total trapped charge also has an important
role [46]. Fermi level pinning resulting in barrier heights inde-
pendent of or weakly dependent on the metal work function
are commonly obtained, as for example in the case of III-V
materials [53]. This does not apply to our work, as although
the barrier formed is not proportional to the metal work
function, significant variations exist for distinct electrode
materials. In order to better understand the formation of the
interfacial barrier we also have to bear in mind that interme-
diate thin oxide layers of a few nanometres may be formed
at metal/oxide interfaces [37], especially on samples exposed
to environmental conditions [36]. Further to this, electrode/
electrolyte interfaces may be degraded due to electrode reac-
tions [34], while some induction of oxygen vacancies, acting
as equivalent to doping, is also expected [38]. These processes
result in the formation of an effective barrier with a height
that deviates from the expected theoretical predictions. For
ionic materials, the formed barriers have been correlated to
the metal electronegativity [46] (X, [54]). The strength of the
correlation is typically assessed by the index S:

_ dPp

There is considered to be a strong correlation to electro-
negativity when the S index approaches 1. For example, for
silicon § = 0.05, while for SiO,, S =1 [46]. A clear linear
relation is supported by our results depicted in figure 6(b). The
calculated index is S = 0.32. A similar trend, extracted in a

S

completely different way, is presented in [38] that resulted in
S = 0.55, including materials such as Al and Ti, which in our
case appear not to form an interface barrier. This is referred to
as partial Fermi pinning that showcases the important role of
interface states.

At this point it is worth noting an issue that has not been
pointed out to date. This is the obtained inter-relationship
between the two interfaces. Throughout this study, we employ
this term to highlight that the TE material also results in mod-
ifications to the BE interfaces (positive biases in the I-V).
Considering that the BE and the TiO, should be identical, due
to common fabrication, we consider this an interesting finding
and therefore it is discussed in more detail in the following
section.

3.3. Top/bottom electrode inter-relationship

The TE material is found to affect the bottom Au/TiO, con-
tacts (figure 3, positive biases) that are nominally identical
for all employed prototype devices. In the cases of Al and Ti,
no barrier is formed and therefore the conductivity is mainly
determined by the film properties. In contrast, depositing Ni,
Pt or Au as the TE appears also to instigate the formation of
a barrier at the bottom interface, offering the opportunity to
perform a quantitative study regarding the role of the TE to
the BE interface.

Before proceeding to this analysis, however, it is essential
to confirm that the differences obtained in the postitive part of
the I-Vs are not the effect of the forward biased TE Schottky
contact. For this we initially assumed that the BE is indeed
ohmic, and the current flow is then described by equation (3),
resulting in a forward biased Schottky contact. In this case, by
differentiating (and for V > 3 KT q!), we obtain

dv RI+ KT ;
— = n—.
d(Lnl) q @
Therefore, a plot of dV/d(Lnl) versus I should give a straight line
with a slope corresponding to series resistance R and the intercept
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clearly not the case for any of the TE materials used.
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Figure 8. dV/d(Lnl) plots for (a) Ni, (b) Pt and (c) Au TEs, as modified for variable series resistance due to SCLC (equation (10)).

to the ideality factor n [55]. The plots for Ni, Pt and Au TEs are
shown in figure 7 where clearly no linearity was observed.

Another potential conduction mechanism, in the case of an
ohmic BE, is space charge limited currents (SCLCs). SCLCs
are commonly obtained in wide band gap materials and insu-
lators when electrons are injected from the electrodes and
no compensation charge exists. Typically, SCLCs present an
ohmic dependence for low biases, followed by a regime where
the traps dominate the process and / ~ V" with m > 2 [56]. For
higher biases and injection conditions, the SCLC density J is
given by equation (8) [46]:

8 v
CRAVE
where ¢ is the dielectric permittivity, i the electron mobility
and d the film thickness.

In this case, where the series resistance is not constant, we
can then write from equation (8):

J ®)

R(I) = ; ~ 1712, )

By subtracting R in equation (3) with equation (9) and by dif-
ferentiating, equation (7) modifies to equation (10):
dv

= const*I'/? + nE
d(Lnl) '

(10)

Thus a linear relation in a plot of dV/d(Lnl) versus I'? is
expected. The results for the TE metals are presented in
figure 8.

In addition to this, for high biases where any interface bar-
rier (forward or reverse biased, equation (4)) is diminished,

Table 2. Quantitative results extracted from the experimental data
regarding the bottom interface with respect to the TE materials.

Wy Interface Additional
TE material (eV) X, barrier at BE  information
Al 4.28 1.61 Non-rectifying contact

Ti 4.1 1.54 Non-rectifying contact

Pt 565 228  0.54eV a=0279eV!2
Ni 515 191  037eV a=0.161eV2
Au 5.1 254  0.67eV a=0.236eV'"?

the SCLC should obey equation (8) by showing V? depend-
ence and very weak (or negligible, for a narrow temperature
range) temperature variation possibly due to changes in the
electron mobility.

Although the results presented in figure 8 may be considered
as supportive to equation (10) in the case of Pt (figure 8(b)) (fit-
ting the linear regimes for Ni (figure 8(a)) and Au (figure 8(c))
TE results in ideality factor n < 1), the current—voltage depend-
ence does not obey equation (8) as presented in figure 9, while
a strong temperature effect is also presented in figure 4. Such
a bias dependence (mm > 2) obtained above V =2V along with
the temperature variation may be attributed to traps-controlled
SCLC. This indicates that the devices have not reached the
high injection regime (equation (8)), and thus for lower biases
(V <2 V) an ohmic dependence is expected rather than the one
indicated by equation (8). However, the latter is supported nei-
ther by figure 7 (equation (7)) nor by figure 9.

Considering all these aspects, the Au(BE)/TiO; interfaces
have been further assessed in detail following the previously
employed temperature-dependent methodology. The obtained
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results for the Au/TiO, BE with respect to the TE material
are summarized in table 2, while the corresponding signature
plots are presented in figure 10. The fitting results (signatures)
strongly support this analysis. A linear relation to the elec-
tronegativity of the TE material was also obtained for the BE
interface barriers. In this case, the barriers formed are lower
than those for the TEs but the same trend is followed. The data
presented in figure 11 lead to S = 0.48. This clearly depicts
the influence of the TE material throughout the TiO, all the
way to the BE, but also signifies the major role of the interface
states.

It is worth noting that while this feature was identified for
the TE, it is not the case for the BE, highlighting the differ-
ences in the formation mechanisms of the two interfaces.

3.4. The bottom electrode

It is quite possible for the BE-TiO; interface to show a distinct
behaviour to an identical interface, in terms of electrode mat-
erial, lying at the top of a device, due to processing-induced
effects. The up-to-date published works have typically used
non-rectifying junctions for the BE, solely targeting the
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Figure 12. Devices having identical TiN TEs and different BEs were assessed (a). Tunnelling was identified in the case of Pt BE signature
plots ((b) and (c)) and Schottky emission when Ni is the BE ((d), (e) and (f)).

influence on the top interface characteristics and assuming The I-V characteristics of structures having Au, Ti, Ni
similar signatures for both interfaces due to symmetry. and Pt as the BE are presented in figure 12(a). The study
Nonetheless, we recently demonstrated that even symmetric was performed on a separate wafer target fabricated for this
structures may overall render an asymmetric performance [57].  study (figure 1(b)). In all cases the TE is TiN deposited by
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Table 3. Results extracted from the experimental data regarding the
BE materials.

BE Interface ~ Additional
material  Wy(eV) X, barrier information

Au 5.1 2.54 Non-rectifying contact

Ti 4.1 1.54 Non-rectifying contact
Ni 5.15 1.91 0.69 eV a=0511evV2
Pt 5.65 2.28 Very high  Tunnelling

sputtering. By observation of the acquired symmetric /-Vs, it
follows that no interface barrier is formed in the cases where
Au and Ti were used as BEs, denoting that the overall con-
ductivity is controlled by the TiO, thin-film. Besides, the two
structures exhibit different conductivities, suggesting that the
BE material also plays a major role on the electrical prop-
erties of the deposited film. In cases where Pt and Ni were
used as the BE, strongly asymmetric I-V characteristics were
obtained, denoting an interface-controlled transport. In these
cases, the I-V characteristics have been further assessed in
the temperature range of 300 K-350K in order to obtain the
corresponding signature plots. The applied biases have been
limited to 1.5V and 1 V respectively, so as to avoid the devices
undergoing either a soft or irreversible (hard) breakdown. For
the sample with a Pt BE (figure 12(b)), the part of I-V plot
corresponding to the BE (positive biases) presents a temper-
ature-independent behaviour (highlighted in the red square).
This, along with the signature plot presented in figure 12(c),
supports the conclusion that tunnelling is the major mech-
anism responsible for the conductivity, indicating the pres-
ence of quite a high barrier at this interface, but which cannot
be measured via equation (2).

Conversely, for the device formed atop the Ni BE (figure
12(d)), signature plots have been obtained that confirm ther-
mionic emission over the interface barrier as the dominant
transport mechanism. The data analysis led to the estima-
tion of the zero bias potential barrier at the interface (figures
12(e) and (f)). The results for the BE study are summarized in
table 3 along with the metal work function and electronega-
tivity, as those parameters may determine the interface barrier.

The differences obtained when the same metals were used
as TE or BE could be assigned both to differences in the two
interfaces as well as the core area of the film. It has been
reported that BE materials may affect the concentration of the
ions in the film [58], while local imperfections, e.g. roughness,
could play a major role on the film microstructures [59], and
thus both parameters can in turn modify the electrical response
of the device. These two parameters are also heavily involved
in the formation of the interface barrier. However, this is a
much more complicated issue. The BE is the first layer that is
deposited and thus this interface is more exposed during the
sequential fabrication steps and the environmental influences
than the top one, which is typically the last step before the
characterization [58]. Moreover, during the oxide film depo-
sition highly energetic particles are coming into contact with
the BE material, making the local formation of the interfacial
layer sensitive to this process step [34]. Conversely, for the

10

upper layers of the film, the new deposited particles are hosted
on a well-formed oxide film, rendering the formation of the
top interface completely different to that of the BE. Therefore,
identical metals form quite different barriers when used as TEs
or BEs [57]. We note, however, that no straightforward quanti-
tative correlation can be obtained at this stage for the BE, nor
for its influence on the top interface. Therefore our results
should raise attention to the necessity for more thorough and
targeted studies towards understanding and control of the BE/
TiO; interface. Ni as a BE results in Schottky behaviour for the
TiN TE, whilst in the case of Pt, the important hysteresis pre-
sented in figure 10(b) denotes the notable contribution of ions
that do not allow for the accurate extraction of parameters for
the TiN TE (in the presence of a sufficient number of mobile
ions, the conventional Schottky analysis is not valid), although
its rectifying character is revealed.

3.5. Discussion

This study has provided several new insights into the elec-
trical properties of metal-TiO, interfaces. Evidently, these
cannot be considered as conventional metal-semiconductor
contacts, where the formation of the interface barrier is deter-
mined by the metal work function. Our quantitative results
suggest that there are many parameters involved in the forma-
tion of these barriers, not in a straightforward manner, and
therefore the drawing of concluding remarks should be based
on carefully selected experimental comparisons and observa-
tions. Considering these, and for the devices fabricated on the
same wafer having nominally identical Au BE and TiO, active
layers deposited during the same process, we can reliably
demonstrate the following.

Regarding the top contacts, two major regimes obtained.
Al and Ti TEs do not form a rectifying barrier. In these cases
the conductivity of the structure is determined by the TiO,
film. This is found to be affected by the TE material, possibly
due to interactions leading to an increase in oxygen vacancies.
Conversely, in the cases of Ni, Pt and Au TEs, an interface
barrier is formed and we can present some clear conclusions.
The barrier height at the top interface is found to be propor-
tional to the metal electrode electronegativity, highlighting the
important role of the interface reactions in the formation of
these barriers. The proportionality factor (S index) is far from
1, thus denoting the major contribution of the interface states
(partial pinning). This study also came across an unexpected
observation (interface inter-relationship), where the common
Au BE interface barrier is not identical but was found to be
determined by the TE material. Non-rectifying and electroneg-
ativity dependent barriers obtained, respectively. This requires
that the metal electrodes are selected in pairs, as the TE defines
the properties of the bottom interface as well. Considering
this interesting finding, which has not been reported before,
a thickness dependence study will be a natural progression to
further verify our results. Therefore, comparisons performed
on different stacks should be carefully considered as they may
lead to serious misinterpretations.
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Regarding the BE, the same trend does not apply, i.e. the BE
barrier is not determined by the electronegativity. It is therefore
concluded that different mechanisms are responsible for the
formation of the interfaces in the BE cases, where the TiO, film
is deposited on the metal, in contrast to the TE interfaces where
the metal is deposited atop the TiO, film. This is consistent with
our previous study, where an asymmetric barrier obtained on
purely symmetric contacts [57]. However, the BE also seems to
affect the top interfaces, as presented by our results on devices
having identical films and TiN TEs, but not with a straightfor-
ward quantitative relationship, however. This further supports
our argument that electrode materials should always be selected
in pairs. Moreover, each material should be carefully consid-
ered with respect to its use as a TE or BE; although in some
cases, such as Ti, no rectifying barrier is formed for either con-
figuration, rendering the Ti/TiO,/Ti system as the most suitable
with which to study the film-controlled transport [50].

Considering the growth of and the prospects [15, 16] for
oxide-based applications, including the Internet of Things,
wearable electronics, reconfigurable and/or bio-inspired sys-
tems, the major role of TiO,-based electronic devices, as well
as the necessity for metal electrodes on top of or below their
active area, we proceed by sharing some thoughts on the use-
fulness of our results across diverse MO applications. In the
field of RRAM, where typically the devices are used after an
electroforming step, Schottky barriers are considered essential
for supporting resistive switching [60]. It was also reported
that high barriers support both unipolar and bipolar resistive
switching, in contrast to lower barriers that typically favour
bipolar operation [61]. Moreover, metal-oxide interfaces are
critical in determining the operation of both valence change
memories (VCMs) and electrochemical metallization cells
through the formation of barriers and electrochemical reac-
tions [34]. The proper selection of metal electrodes can be used
to engineer the electroforming process, in terms of polarity
and applied field intensity, and perhaps even in developing
forming-free RRAM technologies. The electrodes’ character-
istics are also of major importance to semiconductor devices.
For example, when considering TiO,-based bipolar devices it
is essential to avoid any rectification stemming from the metal
electrodes. Moreover, in the case of TFTs, different configura-
tions may require source and drain electrodes atop or below
the deposited MO films defining the TFTs’ active area, and
thus should be selected accordingly. Finally, several applica-
tions require the monolithic integration of such technologies.
A prominent example is the use of diodes or transistors as
selecting elements [62] for RRAM, rendering 1D1R and/or
ITIR configurations. Such cases typically exploit common
metal electrodes acting both as BE and TE for different devices
and thus should be accordingly considered, also bearing in
mind the TE and BE inter-relationship issues.

4. Conclusions

A quantitative electrical characterization study is presented of
the interfacial barriers at metal-TiO, contacts. This involved
targeted fabrication of metal-TiO,-metal prototypes, recording
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of the I-V curves at varying temperatures, and analysis through
appropriate modelling. Distinct characteristics were identi-
fied for contacts formed atop and below the active area films.
For Ni, Pt and Au, which form rectifying contacts at the top
interface, the barriers were found to be proportional to their
electronegativity, showing partial pinning. For those devices
the top metal electronegativity also appeared to determine the
nominally identical Au/TiO, bottom interfaces in a similar
manner. For the BE, however, the same trend is not obvious.
Despite that, the different BEs were also found to affect the
nominally identical top interfaces, but in this case a quanti-
tative correlation is presently not straightforward, suggesting
the need for more targeted studies. Overall we may conclude
that the electrode materials in TiO, devices should be selected
in pairs, bearing in mind always their position with respect to
the active film (on top or below) and the metal electronega-
tivity in particular for the top ones. Our results act as a very
useful background for the wide range of TiO,-based applica-
tions covering RRAMSs, TFTs, bipolar semiconductor devices
and monolithic integration, including 1T1R structures.
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