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Abstract The interfaces between metal electrodes and the
oxide in TiO2-based memristive switches play a key role in
the switching as well as in the I–V characteristics of the
devices in different resistance states. We demonstrate here
that the work function of the metal electrode has a surpris-
ingly minor effect in determining the electronic barrier at
the interface. In contrast, Ti oxides can be readily reduced
by most electrode metals. The amount of oxygen vacancies
created by these chemical reactions essentially determines
the electronic barrier at the device interfaces.

The memristor, the fourth fundamental passive circuit el-
ement [1–3], has a wide variety of potential applications
based on its promising device properties [1–7], includ-
ing non-volatility, fast switching (<10 ns), low energy
(∼1 pJ/operation), multiple-state operation, scalability and
stackability. As suggested by the name, memristors can be
used for information storage [8–14]. Moreover, memristors
can function as stateful Boolean logic gates via the material
implication operation [15]. In addition, memristors can also
be used for neuromorphic computing [16, 17] because of
their analog switching, and some hybrid circuits due to their
ease of stacking [18, 19].

Among all the kinds of switching materials that have
been reported, oxides are the most extensively studied [4].
The interfaces between the metal electrodes and the oxide
play a crucial role, especially for bipolar switches [5, 6, 20].
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Under an applied electric field, oxygen vacancies can drift
into the interface region, reducing the electronic barrier and
resulting in a low-resistance state. Under an electric field
with the opposite polarity, the oxygen vacancies are repelled
away from the interface region, recovering the electronic
barrier to regain the high resistance state [6, 21, 22]. A fam-
ily of nanodevices with different switching and current–
voltage (I–V ) characteristics has been demonstrated by ma-
nipulating the elemental composition at the two interfaces of
a simple metal/oxide/metal device stack [23]. For a crossbar
array of memristors in a storage/memory circuit, sneak path
currents [24] can be minimized by using memristors with
a rectifying I–V characteristic, especially when they are in
the low-resistance state. Therefore, interface engineering is
critical to obtain the desired switching behavior and electri-
cal properties for memristive devices.

From a semiconductor physics point of view, the work
function of the electrode metal might be an important fac-
tor in determining the electronic barrier at the metal/oxide
interface [25]. This barrier in our thin film devices is not a
traditional Schottky barrier because the oxide film is amor-
phous with a large concentration of defects and likely thin-
ner than the depletion region of the semiconducting oxide.
We prepared a set of 5 µm × 5 µm cross-point devices with
six different top electrode metals (Au, Pt, Ag, Ni, W and Ti)
to examine the effect of these contacts on the I–V charac-
teristics, as shown in Fig. 1(a)–(f). The samples were simple
crossbars with the stack shown in Fig. 1(g). The bottom elec-
trodes of 5 nm Ti/15 nm Pt were evaporated on Si/200 nm
SiO2 substrates through a metal shadow mask. Then a blank
TiO2 layer of 25 nm was sputter deposited at a substrate tem-
perature 270◦C. During the deposition of the TiO2 layer, the
Ti adhesion layer diffused through the bottom Pt electrode at
the elevated deposition temperature, reached the Pt/TiO2 in-
terface, reacted with the TiO2 layer and created a significant
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Fig. 1 (a)–(f) I–V curves of
the TiO2 devices with Au, Pt,
Ag, Ni, W and Ti as the top
electrodes, respectively.
(g) Schematic of the device
stack and (h) the plot of device
resistance at ±1 V vs. the work
function of the top electrode
metal

amount of oxygen vacancies that made the bottom Pt/TiO2

interface fairly conductive [26]. This bottom interface re-
mained conductive during all the electrical testing, and the
more resistive top interfaces dominated the electronic trans-

port in these devices. On the same wafer with the stack of
Si/200 nm SiO2/5 nm Ti/15 nm Pt/25 nm TiO2, 30 nm of the
six metals were evaporated through a metal shadow mask
to form the top electrodes at ambient temperature. No pho-
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tolithography process was involved in the device fabrication
in order to minimize the chemical contamination and obtain
clean interfaces for comparison.

The I–V curves shown in Fig. 1(a)–(f) were taken with
−1 V to +1 V quasi-DC sweeps on the top electrodes, while
the bottom electrodes were grounded. The work function
value (adopted for polycrystalline metal materials [27]) of
each top electrode is indicated in the I–V plots in Fig. 1.
Since not all the samples measured here can yield a mean-
ingful Schottky barrier height (SBH) [28] by data fitting,
the resistance instead of the SBH of the samples is used
for comparison across all the samples with different metal
electrodes. No clear relation can be seen between the resis-
tances of the devices and the work function values of the
top electrode metals. For example, Ag has the lowest work
function among these metals, but the device with a Ag top
electrode has one of the highest resistance values. In order
to clearly demonstrate this point, a plot is made between the
work function and the resistances of the each device at both
+1 V and −1 V in Fig. 1(h), where no trend is apparent.

Thus, the electronic barrier at these metal/oxide inter-
faces is not dominated by the work function of the elec-
trode metals, which can be explained by the presence of a
high concentration of interface states that are intrinsic to
the oxide surfaces or are caused by the metal deposition
[29, 30]. Interface chemical reactions [31, 32] between the
metal electrodes and the Ti oxide can be a major source of
these interface states. The Ellingham diagram [33] is a use-
ful tool, if used properly, to predict the possibility that re-
actions may occur. For example, one may expect that Cr
cannot reduce TiO2 based on the fact that the free energy
of formation of Cr2O3 is above that of TiO2 in the Elling-
ham diagram, as shown in Fig. 2(a). In fact, Cr can chemi-
cally reduce TiO2 and create oxygen vacancies in the TiO2

layer [26]. The reason is that there are many other phases
in the Ti–O system, such that Cr does not have to reduce
the oxide all the way to Ti metal, and the full set of inter-
mediate oxide phases are not shown in a normal Ellingham
diagram. For instance, the free energy of formation of TiO2

from Ti3O5 and oxygen is above the formation free energy
of Cr2O3 in the Ellingham diagram (Fig. 2(a)), and therefore
Cr can reduce TiO2 to Ti3O5.

There are many Magnéli phases with the formula
TinO2n − 1 in the Ti–O system, where Magnéli phases from
Ti4O7 up to Ti20O39 have already been discovered [34]. The
free energy of formation of TiO2 from the Magnéli phases
approaches zero with increasing n as shown in Fig. 2(b).
Therefore, in a complete Ellingham diagram with all the
Ti–O phases, there could be a TiO2 formation reaction from
a TinO2n − 1 phase lying well above the formation reaction
of most metal oxides, including NiO, WO3 or even PtO2,
and oxygen vacancies in TiO2 can thus be induced by Ni,
W or even Pt metal electrodes. Even a very small amount of

oxygen vacancies, less than 0.05%, is large enough as native
dopants to reduce the resistivity of TiO2 by orders of mag-
nitude [35]. Since Au does not have a stable oxide (positive
formation free energy) and the standard free energy of for-
mation of sliver oxide is close to zero, almost no reduction
occurs at the interfaces of TiO2 with these metal electrodes,
leading to the most resistive devices with these two metal
electrodes in the studied sample set. In Fig. 2(c), the resis-
tances of the devices at both +1 V and −1 V are plotted
vs. the standard free energy of formation of the electrode
metal oxides, where an approximately monotonic trend can
be seen. The larger the formation free energy of the metal
electrode oxide, the smaller the resistance of the device with
that metal electrode. This suggests that the interface reac-
tion between the top metal electrode and the TiO2 is related
to the observed difference in the I–V characteristics of the
device set.

To complete our study and confirm the above description,
we investigated the role that interfacial vacancies have on
the I–V characteristics. For this purpose, a TiO2 single crys-
tal (rutile) was used to provide a cleaner, more well-defined
system. The crystal was annealed in vacuum (10−8 Torr) at
600◦C for 30 min to introduce a small amount of oxygen
vacancies. The annealed rutile crystal turned from transpar-
ent to light blue and became slightly more conductive, so
that electrical measurements could be performed with low
noise. Two sets of electrodes (Al and Pt) were evaporated
on the single crystal to form the first sample, schematically
shown in Fig. 3(a). The I–V data are presented in Fig. 3(c).
As indicated in the Ellingham diagram in Fig. 2(a), Al can
significantly reduce TiO2 to generate a large amount of oxy-
gen vacancies at the Al/TiO2 interface, while the Pt elec-
trode does not. Therefore, a linear I–V was obtained be-
tween two Al electrodes, reflecting an Ohmic contact at the
Al/TiO2 interface. A rectifying I–V was obtained between
an Al electrode and a Pt electrode as a result of the Schottky
contact [28] formed at the metal/single-crystal semiconduc-
tor interface, i.e., the Pt/rutile TiO2 interface, which is given
as the red I–V in Fig. 3(c) (Pt electrode grounded). In order
to show that even a Pt/TiO2 interface can be turned into an
ohmic contact with a large amount of oxygen vacancies, we
prepared a second single-crystal sample. More oxygen va-
cancies were introduced to this rutile crystal by annealing it
in vacuum at a higher temperature (800◦C) and for a longer
time (60 min). The crystal became dark blue after annealing,
indicating a large concentration of oxygen vacancies. Then
Al and Pt electrodes were evaporated onto the crystal. A lin-
ear I–V (cyan in Fig. 3(c)) was obtained even between the
two Pt electrodes from this sample. These results confirmed
that fewer oxygen vacancies at the metal/TiO2 interface lead
to a rectifying and resistive contact, while more oxygen va-
cancies result in a linear and conductive contact.

Controlling the interfacial concentration of oxygen va-
cancies can be used in device engineering and design. For
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Fig. 2 (a) Ellingham diagram
with different TiO2 formation
reactions from its sub-oxides.
(b) Schematic of free energy
steps for TiO2 reduction
reactions to its different
sub-oxides. (c) A plot of device
resistances at ±1 V vs. the
standard free energy of
formation of the metal electrode
oxide

example, an asymmetry between the two interfaces in the
metal/oxide/metal structure is very helpful in obtaining a
repeatable switching behavior with well-defined switching
polarity [4, 26], where the oxygen vacancy rich interface
can serve as a reservoir of the mobile ions and the switch-
ing occurs at the relatively oxygen vacancy poor interface.
Since the interface reactions between the top metal elec-

trodes and the oxide essentially take place at ambient tem-
perature (except for some heating caused by e-beam depo-
sitions), the thickness of the interfacial layer is expected
to be comparable to or less than that of the native ox-
ide on the surface of a metal. Depending on the mate-
rial system, a ternary compound may form at the inter-
face [20].
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Fig. 3 Device schematics using TiO2 rutile single crystals annealed
slightly to generate a few oxygen vacancies (a) and annealed heavily
to generate a large amount of oxygen vacancies (b). I–V plots obtained
from the devices using the single crystals (c)

In conclusion, we have demonstrated that the thermody-
namics of the metal/oxide interface plays a crucial role in
TiO2-based memristive device characteristics. Only the no-
ble metals Au and Ag do not induce some oxygen vacancies
at the interface. Other metals, including W and Ni, chemi-
cally reduce TiO2 and create a significant concentration of
oxygen vacancies, which dramatically reduces the electronic
barrier at the interface and results in a conductive contact.
These interface reactions dominate other factors, such as the
work function of the electrode metal, in determining the de-
vice properties.
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