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ABSTRACT: Memristive devices are two-terminal devices that can
change their resistance state upon application of appropriate voltage
stimuli. The resistance can be tuned over a wide resistance range
enabling applications such as multibit data storage or analog
computing-in-memory concepts. One of the most promising classes
of memristive devices is based on the valence change mechanism in
oxide-based devices. In these devices, a configurational change of
oxygen defects, i.e. oxygen vacancies, leads to the change of the
device resistance. A microscopic understanding of the conduction is
necessary in order to design memristive devices with specific
resistance properties. In this paper, we discuss the conduction
mechanism proposed in the literature and propose a comprehensive,
microscopic model of the conduction mechanism in this class of
devices. To develop this microscopic picture of the conduction, ab initio simulation models are developed. These simulations suggest
two different types of conduction, which are both limited by a tunneling through the Schottky barrier at the metal electrode contact.
The difference between the two conduction mechanisms is the following: for the first type, the electrons tunnel into the conduction
band and, in the second type, into the vacancy defect states. These two types of conduction differ in their current voltage relation,
which has been detected experimentally. The origin of the resistive switching is identical for the two types of conduction and is based
on a modification of the tunneling distance due to the oxygen vacancy induced screening of the Schottky barrier. This understanding
may help to design optimized devices in terms of the dynamic resistance range for specific applications.
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B INTRODUCTION barrier is modulated by the parallel/antiparalle] magnetization
of two ferromagnetic layers, of which one layer can switch its
magnetization by spin-polarized currents.’’ In ferroelectric
tunnel junctions, the height of a tunneling barrier is modulated
by the orientation of the adjacent ferroelectric material, whose
remanent polarization can be switched by bipolar voltage
pulses.’’ Another class of memristive devices are the redox-
based memristive switching devices, which rely on the motion
of ionic defects and concurrent redox reactions.' Electro-
chemical metallization cells (also called conductive bridging
random access memories), for example, rely on the electro-
chemical formation or dissolution of a (typically) Ag or Cu
filament within a host insulating layer. In valence change
memory (VCM) cells, the memristive switching is induced by

Menmristive devices, in general, describe an electronic device
that can switch between different resistive states upon
appropriate voltage stimuli. The programmed resistance states
are typically nonvolatile. Due to this property, memristive
devices have been investigated for nonvolatile binary and
multibit memories.' ™ Recently, memristive devices have been
exploited for computing-in-memory (CIM) applications.’™"* It
was, for example, shown that a vector matrix multiplication can
be performed in one step in a memristive memory array by
exploiting Kirchhoff's laws.'>'* This operation principle can be
used for a mixed-precision computing paradigm,'® image
compression,'® and for machine learning approaches using
backpropagation or spiking neural networks."”~>° Moreover,
Boolean logic gates and further arithmetic operations can be

realized.”'™"® The memristive switching phenomenon can be Received: April 30, 2021 Pl
realized by different physical means, giving rise to different Accepted:  July 19, 2021
types of memristive devices. In phase change memories, the Published: September 7, 2021

device is switched between an amorphous and crystalline phase
showing different resistance by Joule heating.*” In spin-
transfer-torque-magnetic-RAMs (STT-MRAMs), a tunneling
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the motion of oxygen defects and concurrent redox reactions
in an oxide layer. All of these devices show the memristive
switching phenomenon but with a different dynamic range of
resistance. The dynamic resistance range can be tuned by the
operating conditions but are also strongly linked to the
switching mechanism and the properties of the used materials.
STT-MRAMs, for example, show only two (very) stable
resistance states with a very small resistance ratio (less than 1
order of magnitude). In contrast, the resistance of VCM cells
can be tuned over a large resistance range but show a
distribution of the resistance states. For the CIM applications
mentioned before, the requirements of the dynamic resistance
range differ. Thus, for a certain CIM application one device
type might be most appropriate whereas another type is better
suited for another application. For implementing memristive
Boolean logic gates and functions of higher complexity such as
adders or multipliers, binary memristive switching devices are
considered.””**** In this case, the two states need to be clearly
distinguishable. Thus, a high resistance ratio may be beneficial,
especially if the memristive array is operated without a
transistor, but with a nonlinear selector device at each node.
Binary memristive devices have been also proposed for
binarized neural networks or in compound synapses.””** In
this case, some resistance overlap may not deteriorate the
function but is even beneficial in order to mimic an analog
behavior. If single memristive devices are exploited as single
analog synapses in artificial neural networks, the devices should
show easily programmable analog resistance states. In addition,
a wide modulation range is desired. In any case, it is important
to understand the underlying conduction mechanism to design
it with respect to the target application.

In this spotlight, we discuss the physical nature of the
conduction mechanism in VCM type of devices. These devices
are investigated a lot for CIM applications as they offer a large
dynamic resistance range, ease of fabrication, CMOS
compatibility, and low energy consumption. While it is
generally accepted that the change of the oxygen defect
configuration leads to a resistance change, different physical
models of the conduction mechanism have been proposed.
Here, after a brief introduction to VCM devices, we review the
proposed conduction models and discuss them critically. Then,
we propose a consistent picture of the conduction mechanisms
which is related to the nature of the defect state induced by
oxygen vacancies in a specific oxide material.

B MEMRISTIVE SWITCHING IN VCM CELLS

VCM devices typically consist of a metal/oxide/metal stack.
The oxide layer is build out of a binary (e.g, HfO,, Ta,Os,
WOj, or TiO,) or ternary transition metal oxide (e.g., SrTiO;,
SrZrO,, or BiFeO,). Also bilayer stacks of different oxide
materials have been used. To achieve a stable bipolar switching
mode two different metals are used as electrodes. One
electrode consists of an inert metal, such as Pt, Ir, or TiN.
This metal forms a high electrostatic barrier with the oxide
material. The second electrode consists of an oxidizable metal
such as W, Ta, Ti, or Hf.>® This electrode typically forms an
ohmic contact with the oxide material. For the most commonly
used oxide materials, the conductivity increases for an
increasing oxygen deficiency. For a crystalline oxide material,
this change in conductivity can be explained by point defect
chemistry.”**” The missing oxygen ions in the oxide matrix are
described as oxygen vacancies, which are doubly positively
charged with respect to the lattice. This excess positive charge
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can be compensated by two electrons. These electrons are
typically localized in the d-orbitals of the cation sublattice,
leading to a change of the valence state of the transition metal
cations. This mechanism gives the name of this class of
memory: the valence change memory (VCM). As fabricated,
the oxides are typically stoichiometric. An initial so-called
electroforming step is required to extract oxygen from the
oxide layer, ie. introducing oxygen vacancies. This is
accomplished by an oxygen exchange reaction at one of the
two metal/oxide interfaces."** " For binary oxides, typically a
positive voltage is applied to the oxidizable electrode. After the
electroforming step, the device can be switched between
different resistance states by applying appropriate voltage
stimuli. It is generally accepted that the switching effect relies
on the redistribution of the oxygen vacancies under an applied
electric field."*" % It should be noted that due to the different
work functions of the metals, the change of the total resistance
depends also on the location of the oxygen vacancies. As the
oxygen vacancy acts as mobile donor and is positively charged,
it influences also the shape of the electrostatic barriers at the
metal/oxide interface. Thus, an oxygen vacancy close to the
electrode with the higher work function will lead to a stronger
resistance change than close to the oxidizable electrode.
Therefore, the metal electrode with the higher work function is
also called electronically active electrode (short: active
electrode) as the resistance switching is assumed to take
place due to changes of the oxygen vacancy concentration
close to this interface. As the ions are charged, the switching
mechanism is inherently bipolar. The switching polarity,
however, is related to the dominated means of the defect
redistribution. If the ions are mainly redistributed via ionic
motion within the oxide material, the switching from the high
resistance state (HRS) to the low resistance state (LRS)—
called SET transition—is accomplished by applying a negative
voltage to the active electrode. If the switching relies
dominantly on an oxygen exchange at the active electrode,
the SET transition is caused by applying a positive voltage to
the active electrode.”” While the forming switching polarity is
called counter-eightwise switching (named after the sense of
the polarity of the I-V curve), the latter is called eightwise
switching. It has been demonstrated that both switching modes
can appear in the same device just by changing the operating
conditions.”® For the present work, we only consider the static
configuration and not the dynamics, in order to discuss the
conduction mechanism independently from a vacancy
redistribution. One needs to consider, however, that the
description of the different conduction states needs to be
consistent with the idea of the reconfiguration of the oxygen
defects. It should be noted that in state-of-the-art VCM cells,
which show reproducible switching with high speed at
comparably low voltages, the oxide layer is very thin and
asymmetric electrode materials are used.””~"*

Comparing different -V characteristics of VCM devices in
the literature, one can distinguish at least two types of curves as
shown in Figure 1. Figure 1a shows a resistive switching curve
of a Nb:SrTiO;/SrTiO5/Pt device cell of micrometer sized
electrodes. Figure 1b the resistive switching of a Ti/HfO,/Pt
cell with a nanometer sized electrode. The fabrication and
measurement details are described more precisely in the
Methods section. While the type 1 curve (Figure la) shows
very nonlinear (exponential), asymmetric I—V characteristics
with respect to the voltage polarity, the type 2 curve is rather
symmetric and much more linear. Examples for such a strong
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Figure 1. (a) Type 1 conduction in a Nb:SrTiO;/SrTiO;/Pt resistive
switching cell (cf. Methods section and data taken from ref 100) on
the left. The signal is applied to the Pt electrode (eightwise (8w)
switching polarity). (b) Type 2 conduction in a Ti/HfO,/Pt resistive
switching cell on the right. The signal is applied to the Ti electrode;
cf. the Methods section for details (couter-eightwise (c8w) switching

polarity).

nonlinear conduction of type 1 are reported frequently in the
literature.®®”>~"® In the second type of conduction, the
nonlinearity in the same voltage range (x0.1—1 V) is clearly
weaker and example -V curves are reported as well.”*”" ™’
The type of curve is related to the used materials. The strong
exponential type 1 is often found in Ti-based perovskite oxide
materials, such as SrTiO;, BaTiOj;, CaTiOj;, or
Mg, sCaysTiO5.”°""* In addition, also perovskites without Ti
cations, like BiFeO;, tend to show a type 1 I-V curve.””” For
the resistive switching in TiO, the same behavior is detected
while not having a perovskite structure.”® In addition, the
conduction in resistive switching VCM cells based on In,0;
and SnO, show the type 1 conduction.”*”® The widely used
material HfO, has been identified as type 2 conduction
material, but also other materials such as Ta,O;, Nb,O;, ZrO,,
or Lu,0,”7%%%%%%7 chow this type of conduction. This
material dependence suggest that there is a difference on the
microscopic level, which determines the type of the I-V curve.
In this spotlight the focus is on VCM cells, with the bipolar
characteristics. However, the TCM unipolar switching is
strongly connected. Consequently, it might be possible that
greater parts of the analysis in this article could be also applied
for unipolar devices. For example, the HRS characteristics of a
unipolar switching Bay,S1,3TiO;”® show type 1 conduction
like behavior. Moreover, the second type of conduction
properties was found in HfO, based unipolar switching cells.””

B ANALYSIS OF THE CONDUCTION MECHANISM

To identify the conduction mechanism of the VCM device
under test, the investigation of one switching curve is not
conclusive. In fact, a combination of different experiments is
required. The voltage dependence for both voltage polarities
needs to be investigated. Moreover, the temperature depend-
ence should be investigated as well. This should be performed
for the LRS and the HRS but, ideally, for all possible
intermediate resistance states. A major challenge of this
analysis is that the state of the device is static, i.e. the oxygen
defect configuration should be frozen in for the time of the
experiment. This limits the experiment to small voltages and
limits the temperature range that can be evaluated. For the
analysis of the conduction mechanism, one can try to fit
different conduction models to the experimental data sets. One
attempt is to fit the slopes in log(I)—log(V) to different
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models. This method can only be considered as first indication.
For a conclusive result one should extract all fitting parameters
and check if they are physically reasonable. For example in a
worst case, the slope fits but this could only be achieved if the
assumed distance between traps are smaller than interatomic
distances. Another challenge is that the conduction may be
controlled by a combination of conduction mechanisms. In
filamentary VCM cells, the surrounding matrix may contribute
to the total resistance in the HRS state. In addition, it is
conceivable that at low voltage the metal/oxide interface limits
the conduction, but at higher voltages the filament resistance
itself determines the overall resistance. Finally, when the
conduction mechanism of the different states should be
consistent, the transition from one mechanism to another one
should occur by changing the defect configuration only. In the
following, we review the different conduction mechanisms that
have been discussed in the literature, ie. trap-assisted
tunneling, space-charge limited current, Poole—Frenkel con-
duction, and Schottky-barrier related conduction mechanisms.

A. Trap-Assisted Tunneling. A promising candidate to
explain the conduction in VCM cells is an electron trap based
tunneling transport. It is accepted, in general, that the oxygen
vacancies form a donorlike defect state, and these defect states
result from the cationic states of the oxide. Due to the high
band gap, the energetic distance to the conduction band could
be significant. For instance, in HfO,, the defect state is
reported to be located more than 2 eV below the conduction
band for neutral and single charged oxygen vacancies.'*'~"%*
As a result, the donor activation energy is comparably high and
it is likely that electrons could be trapped in the defect state.
Nevertheless for a finite current, electrons must be transferred
from one to the other electrode. To contribute to the current,
the trapped electrons must be released. One opportunity is that
these electrons are thermally excited into the conduction band,
which is the basis of the later discussed Poole-Frenkel effect.
The other method is that the electrons tunnel from one trap
state to other free trap states (i.e., the oxygen vacancy induced
defect states).

Finally, a trap state is reached from which the electrons
tunnel into the next electrode. This transport is called trap-
assisted tunneling (TAT) and is sketched in Figure 2.
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Figure 2. Schematic sketch of trap assisted tunneling transport. Here
the Fermi levels in the left and right electrode are separated by the
applied voltage. The induced field generates a tilted rectangular band
structure. The traps are found in the band gap by ¢, below the
conduction band. To transport an electron three steps are required:
(i) tunneling into the trap from one electrode, (ii) tunneling from
trap-to-trap, and (jii) tunneling from the trap into the other electrode.

https://doi.org/10.1021/acsaelm.1c00398
ACS Appl. Electron. Mater. 2021, 3, 3674—3692


https://pubs.acs.org/doi/10.1021/acsaelm.1c00398?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaelm.1c00398?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaelm.1c00398?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaelm.1c00398?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaelm.1c00398?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaelm.1c00398?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaelm.1c00398?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaelm.1c00398?fig=fig2&ref=pdf
pubs.acs.org/acsaelm?ref=pdf
https://doi.org/10.1021/acsaelm.1c00398?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Electronic Materials

pubs.acs.org/acsaelm

Spotlight on Applications

This type of transport can be divided into three processes:
(i) the tunneling from the electrode into the trap, (ii) the
tunneling from trap to trap, and (1) the tunneling from the
trap into the electrode. In all three cases, the tunneling levels
could differ. Therefore, a tunneling into an energetic higher
level requires a thermal excitation. The representative energy
level for the electrodes is the quasi Fermi level in the metals.
TAT has been identified as the dominating leakage current in
insulating thin oxide films.'”*~'%® Furthermore, many studies
reported TAT transport or used it as a conduction mechanism
in simulation studies.'®~"">"">7"** Even these studies could
be summarized under the umbrella of TAT, but the details in
the suggested transport mechanism differ significantly. The
review of all of them would exceed the extent of this article, but
a few of them are explained in the following, including the
TAT based space charge limited current in the SCLC
subsection.

A §popular method to describe TAT is given by Houng et
al,,'* who derived the relation

4y 2qmq,
3t

321

j X exp|—
J P T

(1)

with the charge g, the effective mass m,, of the electrons in the
oxide, the Planck constant 7, the trap level ¢, and the electric
field F. In this theory, the transport of electrons from one
electrode to the other electrode is supposed to go over one
trap only. The tunneling from trap to trap, however, is
neglected. Also, the thickness of the oxide layer and the trap
distance are not considered, which makes the model
oversimplified. Despite these issues, this equation is frequently
used to explain the conduction in resistive switching VCM
cells. By fitting eq 1 to the experimental data, the trap state
energy can be calculated.''*'>%7"*®

This analysis has been applied in a highly interesting study
by Beilliard et al. to fit the HRS and the LRS conduction of a
TiN/ALOj; (1.4 nm)/TiO,_, (30 nm) /Pt device for very small
temperatures as shown in Figure 3.'"> The low temperatures
allowed them to decouple the trap-assisted tunneling from
thermally activated conduction mechanisms. Thereby, two
different trap levels were extracted for each of the two
resistance states. In fact, this is the only way to explain the
different states as other quantities such as trap distance or

188} Q HRs 1
186} .
184 )
E
<182} ]
)
<180} .
178k SET@1.5K
OLRS ~ 15 meV
176} QRS ~ 22 meV 1
3x10%  4x10®  5x10%  6x10%  7x10%
1/E (m/V)

Figure 3. Fit of eq 1 to the HRS and LRS of a TiN/ALO;(1.4 nm)/
TiO,_, (30 nm)/Pt. The solid lines are the insets, and the black
circles are the data points (Adapted from the work of Beilliard et al.'"*
https://creativecommons.org/licenses/by/4.0/).
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oxide thickness are not considered. The authors suggested that
the change in the trap states induces the resistive switching.
The origin of the change of the trap states (levels) is related to
a change in the oxygen vacancy concentration. It is assumed
that the oxygen vacancy concentration reduces locally (as
usual) close to one electrode interface. According to eq 1,
however, the transport is given by a constant electric field.
Having a resistance dominating local gap of reduced oxygen
vacancy content would lead to a voltage drop over this small
region. As a result, the homogeneous field used for eq 1 is not
consistent to a local gap of oxygen vacancies. This means that
the model does not allow quantification of the defect
concentration.

In general, VCM cells are bipolar switching devices with a
distinct switching polarity. This requires an asymmetry in the
conduction with respect to the defect configuration. This
means that either the defect configuration is strongly
asymmetric and/or the change of the defect concentration at
the two metal/oxides causes differently strong current
responses. Furthermore, the I-V curve is polarity dependent,
too. This asymmetry does not favor a bulk transport
mechanism, as this considers a homogeneous, polarity-
independent field or voltage drop. In fact, symmetric VCM
cells with identical or similar electrodes show a very special
switching behavior, which is known as complementary
switching,lzg_132 rather than a clearly defined bipolar
operation. Furthermore, the electrodes do have a significant
influence on the electronic transport as discussed in the
introduction to VCM cells. Moreover, electrodes with different
work functions generate an internal built-in potential, which
should be considered for the discussion of the electron
conduction mechanism. The issues mentioned above are
related in general to all bulk transport mechanisms, such as the
space charge limited current TAT mechanism (see next
section), near range hopping, or variable range hopping.

Yu et al.'">""®"*% proposed an interface limited TAT
transport mechanism that solves the issues mentioned before.
Here, the total current is limited by tunneling from/into one of
the electrodes and not by the trap-to-trap hopping within the
bulk. In the sense of Figure 2, the transport is limited by
mechanism i or iii. Consequently, this transport is asymmetric
as expected based on the observed bipolar switching
characteristic. Note that this is only true when the current is
limited at one electrode and not identical at both electrodes. In
these cases a symmetric complementary switching is expected.

Another study of Matveyev et al."*” is highly interesting for
this conduction mechanism review. Using a TiN/HfO,/TiN
VCM cell, they explained the measured data successfully using
the model of Yu et al. The TAT transport mechanism was also
proven in a sophisticated experiment by Yalon et al."** The
resistive switching cell is used as the basis in an InGaAs based
bipolar transistor. In this setup, the band structure of the
InGaAs allows identification of the energy level for the current
transport which reveals that the conduction level is fit to a trap-
assisted transport mechanism, consistent with the interface-
limited trap assisted tunneling.

B. Space-Charge Limited Current. The [-V dependence
in a couple of VCM systems can be interpreted as
nonexponential (type 2) in the voltage range of switching,
but the I-V dependence is also not linear (no ohmic
behavior). As a consequence, the conduction cannot be
described by a mechanism based on a thermal excitation
process with a voltage modulated thermal barrier. The popular

https://doi.org/10.1021/acsaelm.1c00398
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Boltzmann approximation of the Fermi—Dirac distribution for
the thermal excitation of electrons in those mechanisms results
in exponential I-V characteristics with strong temperature
dependence. On the other hand, a simple band transport leads
to linear I—V characteristics. Hence, an alternative conduction
mechanism with nonexponential voltage dependence is
required. Such a characteristic is found in the space-charge
limited current (SCLC) model, which is frequently used to
explain the transport in VCM cells.””*”#371%9

The principle of space-charge limited current is given by the
charge transport (here electrons) between two electrodes with
a potential difference. The electric field between the electrodes
leads to an acceleration of the electrons. Note that the
acceleration is only true in a vacuum, for which this transport
mechanism was originally derived.'>"'>* Later this mechanism
was adapted to solids.'>” The applied electric field induces an
electron flow and thereby the electronic current. The current is
determined by the electron velocity. The finite velocity of the
electrons has the effect that the electrons are located in the
space between the two electrodes, until they reach the anode.
This residence time of the electrons in the space between the
two electrodes equilibrates to a space charge distribution. The
electric field generated by the space charge counteracts the
applied electric field. As a consequence, the space charge starts
to limit the total current flow. For a simple model of two
planar electrodes in a vacuum this leads to a power law of I
V3/2 15L152 1 the case of a VCM cell, there is an oxide between
the two electrodes. Thus, the transport velocity is also
determined by the electron mobility y in these materials. In
this case, the power law becomes parabolic and the current is
also proportional to the electron mobility I o¢ V255

To verify this type of conduction, the -V dependence is
measured and plotted on a double logarithmic scale, which
allows determination of the power law I o« V* by a linear
regression.””””'**71*% An example from the work of Maikap'*!
of this approach is shown in Figure 4 for a W/TaO,/TiN cell.
The slopes @ determined in resistive switching devices differ
strongly, and the values in the referenced literature are found
between 0.8 and 21."%%"%

Often, more than one slope is fitted to the I-V
measurements at different voltage ranges, cf. Figure 4. In the
majority of the studies the parabolic dependence of @ = 2 is
not found. The parabolic dependence, however, assumes a trap
free solid with a band transport mechanism. In presence of
deep electron traps, the space charge distribution changes. In
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Figure 4. Double logarithmic plot of the I-V curve at an SET event
for a W/TaO,/TiN cell, with an oxide thickness of 7 nm, cf. ref 141.
The green dots are the measured current responses, and the red curve
is the linear regression fit to the data. The linear regression has been
applied to several voltage ranges (Reprinted from the work of Maikap
et al'™! https://creativecommons.org/licenses/by/4.0/).
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this case, the power law changes to I o« V* with an «a value,
which depends on the trap density."*>'*° Hence, it is a
condition for the SCLC without parabolic behavior (o # 2)
that the SCLC originates from trap-to-trap transport.

From this point of view it is a subclass of the general TAT
transport and thus a promising approach to explain the current
transport. There are, however, some issues related to the SCLC
model. The oxygen vacancy concentration during the switching
changes and is therefore unknown and probably not
homogeneously distributed, which is an assumption in the
derivation of the power law I & V% In many VCM cells, the
active oxide layer is in the range of a couple of nanometers and
it is unlikely that the concentration could be treated as
constant over a sufficiently long distance. Moreover, the
derivation of the SCLC model assumes that two ohmic
interfaces are formed. This is reasonable for very thick films,
but for oxides of a few nanometers as in the state-of-the-art
VCM cells this assumption does not seem to be reasonable.
The asymmetry of the electrodes, ie. the different work
functions, is neglected as well. Moreover, the space charge in
the SCLC model is only formed by the free electrons. The net
background charge due to oxygen vacancy defects is neglected.
This assumption holds only valid if the amount of electrons in
the system is much higher than the amount of oxygen
vacancies. As the amount of oxygen vacancies is quite high in
VCM cells, this assumption appears to be invalid for state-of-
the-art VCM cells. It might be fulfilled, however, for very thick
devices with large electrode areas and low defect concen-
tration. For SCLC, the layer thickness must at least exceed the
screening distance of the electrodes by a few times.

Another problem is the fitting in different voltage ranges,
especially as the fit is often applied to a dynamic voltage range
close to the SET and RESET. 35130140, 14L143,196 1) 44 range,
the oxygen vacancies migrate and change the conduction.
Thus, it is meaningless to consider the electronic transport
without taking this into account. Furthermore, the SCLC
model is a bulk conduction model. It ignores the influence of
the electrodes on the electronic transport. As discussed before,
the bulk transport results in a polarity symmetric transport,
whereas the transport in VCM cells typically has asymmetric
characteristics. Another issue is that the detected power law
could be alternatively explained as a slow increasing
exponential function. The extraction of the different slopes is
thus ambiguous. Furthermore, in the LRS the power law often
follows a linear, ohmic like, behavior with & =~ 1, which is not
consistent with the SCLC model.

In the study of Matveyev et al, the interface limited trap
assisted tunneling as suggested in the work Yu et al. has been
successfully fitted to the electronic data.''>"**'*® With the
same measured data, Matveyev et al. successfully applied the
SCLC analysis of a linear fit to a double logarithmic plot. This
analysis reveals that the data explained by an interface limited
trap assisted tunneling transport mechanism are comparable to
the results in Figure 4. Thus, it proves that the trap-assisted
tunneling conduction type could be accidently misunderstood
as SCLC conduction.

In conclusion, the SCLC cannot be generalized without
solving the listed counterarguments and is, therefore, a rather
special case of conduction in VCM cells and cannot simply be
generalized to the majority of these cells.

C. Poole—Frenkel Conduction. The Poole Frenkel (PF)
mechanism is another conduction process based on trap states.
In contrast to the TAT model, the trapped electrons do not
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conduct by tunneling between the traps. Instead the electrons
are released by a thermal excitation into the conduction band.
The electrons are then transported over the conduction band
to the electrode. The thermal excitation barrier is determined
by the depth of the trap state ¢ The presence of an electric
field reduces this barrier due to an image charge effect. The
geometrical analysis of this problem leads to a thermal
excitation barrier which is reduced by the square root of the
electric field. The resulting conductivity is analytically
described by

£,

kT

63
b oF

o = oyexp| —
@)

with the barrier ¢, the conductivity prefactor o, the
temperature T, and the Boltzmann constant kg.'>’~">" In the
case of a constant electric field, F equals the applied voltage
divided by the layer thickness. Thus, log(I) will become
proportional to the square root of the applied voltage. Such a
relation was found in I-V curves of the VCM cells, and thus,
PF was suggested as the dominating conduction mecha-
nism.'®”'®" As this is a bulk transport mechanism, the same
problem arises as in the analyses before: ie., it can hardly
explain the asymmetric switching properties of VCM cells.
Moreover, the square root dependence on the voltage is only
achieved if the voltage drops homogeneously over the oxide
layer. It is questionable whether such a basic approximation
could be generally assumed for nanoscale devices. In addition,
a homogeneous trap density is assumed in eq 2, but the
permanent redistribution of oxygen vacancies leads to a
gradient in the trap distribution and the electric field. Thus, the
assumptions made in the derivation of the PF conduction
mechanism are likely to be violated in VCM cells.

A general problem of determining the conduction
mechanism is that often only the voltage dependence is
considered at room temperature and other parameters like the
layer thickness or the temperature dependence are not
considered. This problem has been discussed in more detail
in the literature."">'®* Due to the missing double check of
other parameters, the PF could be mixed up with another
conduction mechanism, which approximately have a square
root voltage dependence.

In the work of Matveyev et a the authors could
reproduce their data using the interface limited trap assisted
tunneling. In the previous section a double logarithmic plot
shows that the same data could be also displayed in the form of
SCLC. In addition, Matveyev at al. apply a PF analysis to the
exact same data and reveal that the square root dependence
could be successfully applied to the I-V curve. However, when
the temperature is varied the data does not follow the PF
temperature dependence. This makes the study of Matveyev
highly interesting, because the authors showed that the data,
which can be consistently explained by an interface limited
TAT, can at first glance also be misunderstood as SCLC or PF
conduction. Furthermore, it has been shown for thin films that
the apparent PF conduction could also be understood as the
superposition of other conduction mechanisms.'®’

The above discussion shows that the PF conduction is
unlikely to describe the conduction in state-of-the-art VCM
cells consistently.

133
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D. Schottky Barrier Limited Transport. In PF
conduction, the electrons move within the conduction band,
but the conduction is not limited by the band mobility. Instead
it is limited by the supply of mobile charge carries, which are
trapped in the defect states. The same is true for Schottky
contact limited transport, where the supply of charge carriers
stems from the electrode and is limited by the amount of
electrons that cross the Schottky barrier. In general, a VCM
cell has two Schottky contacts at the two metal contacts.
However, the conduction limiting Schottky contact is found at
the electronically active electrode, where the high metal work-
function leads to a high electrostatic barrier. The ohmic
electrode typically forms a good conducting contact, which is
comparable to the quasi ohmic contact known from highly
doped semiconductors. Hence, this contact is in good
approximation negligible. Hence, the active Schottky interface
must be modulated to invoke the resistive switching. Note that
when the Schottky barrier height becomes identical at both
sides, the resistive switching shows sgrmmetric complementary
resistive switching (CRS) behavior.' 132

The Schottky barrier limited transport could be the
dominating conduction mechanism in many VCM cells,
because it is consistent with the polarity dependence of the
I-V characteristic and the polarity dependence of the
switching, and it is also consistent with the dependence on
the electrode material. Besides these vague arguments, several
scientific articles also suggest the Schottky conduction
mechanism.*>'**71%” For a detailed understanding, however,
it must be explained how the transport across the Schottky
barrier arises and how it is modulated by the oxygen vacancies.

In general, the transport at the Schottky contact can be
categorized in three subclasses: thermionic emission (TE),
field emission (FE), and thermionic field emission (TFE). In
the TE scenario, the electrons overcome the Schottky contact
by a thermal excitation to energies above the Schottky barrier.
FE describes the tunneling from the metal Fermi edge through
the full depletion zone into the conduction band of the
semiconductor (and vice versa). In this case, no thermal
excitation is required. TFE is a mixture of both TE and FE.
Here, the electrons tunnel through the Schottky barrier at a
higher energy level. At the higher energy level, the electrons
benefit from a shorter tunneling distance and a smaller
tunneling barrier compared to FE. On the other hand, this
requires a thermal excitation. Hence, TFE is a balance between
enhanced tunneling probability and reduced thermal excitation
probability.

For all three subclasses, analytical equations have been
derived.'®®' In the case of TE, the forward direction of the
Schottky diode shifts the conduction band upward and
effectively reduces the thermal excitation barrier, which leads
to an exponential current—voltage dependence proportional to

4 N . _—
exp(—;—T). For the reverse direction, the excitation barrier is
B

reduced due to the image charged barrier lowering as in in PF
conduction. This results in an exponential dependence on the
square root of the voltage. In both cases, a thermal excitation is
required, which is typically described by the Boltzmann
approximation of the Fermi distribution.

The most popular equation for FE has been derived on the
basis of the work of Fowler and Nordheim.'”’ Here, the
Wentzel—Kramers—Brillouin approximation is applied in the
model to calculate the tunneling probability through the
Schottky barrier.'”"'”> This equation is temperature inde-
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pendent due to the direct tunneling but has an exponential
current voltage dependence, as the Schottky barrier and
tunneling distance change under the voltage stress.

For the TFE, an analéytical equation has been derived by
Padovani and Stratton.'® They developed the model under
the condition that the tunneling occurs mostly at one specific
energy level, which depends on the Schottky contact
properties. At this energy level, the tunneling probability is
combined with the thermal excitation probability based on the
Boltzmann approximation. As a result, also this conduction
mechanism has an exponential voltage dependence, for the
same reasons as FE and TE. For the same reason, TFE is also
polarity dependent.

These analytical equations are applied to detect the
conduction subclass for the specific Schottky contact system.
To this end, the voltage dependence of the analytical equations
are compared to the measured I-V curves. This is, however, a
critical point as these equations are initially derived for typical
covalent semiconductors, e.g. silicon. In contrast, VCM cells
are constructed out of an oxide with a much wider band gap.
Additionally, the already mentioned shortcoming of non-
homogeneous and variable doping concentrations based on
crystal defects is another issue in this fitting analysis.
Furthermore, all types of conduction have an exponential
voltage dependence. Thus, the same curve may be fitted
assuming any of the TE, FE, and TFE models if the parameters
are freely chosen. Hence, it is important to check whether all fit
parameters are physically meaningful and reasonable in the
context of VCM cells. As mentioned before, a second test of
other parameters like temperature, metal electrode, or, if
possible, the doping concentration should be used to double
check the conclusion. Those parameter changes should follow
the predictions given in the analytical equations.

A possible procedure to verify the conduction mechanism is
to extract one parameter by fitting the I—V curve and use a
second independent experiment to verify this parameter. This
approach has been applied by Lee et al.'”* They extracted the
Schottky barrier height for the HRS and the LRS using a TE
fit. The fitting suggests a smaller Schottky barrier in the LRS
(~0.75 eV at 1 V) than for the HRS (~0.88 eV at 1 V). In
consequence, they suggest that the resistive switching is an
effect of modifying the Schottky barrier height due to the
amount of oxygen vacancies. This is a realistic approach due to
the Schottky barrier lowerin$ effect, which could also be
initiated by oxygen vacancies.”* The part, which makes the
work of Lee et al. outstanding, is the second experiment based
on internal photo-emission spectroscopy (IPES). They
extracted the Schottky barrier height from the IPES measure-
ments, but the extracted values did not match the fitted
Schottky barrier values. The IPES values are clearly higher and
located slightly above 1.1 eV at 1 V. Another inconsistency is
that the Schottky barriers in the IPES barriers are equal for
LRS and HRS. The solution to this inconsistency as suggested
by Lee et al. is a parallel conduction path, meaning that in a
tiny local range the Schottky barrier is lowered to the LRS and
HRS values. This small range dominates the current transport,
but the IPES measurements reveal the average Schottky barrier
height. This solution makes sense, but this extra path could
also have other causes, for instance a TFE conduction, where
the tunneling occurs at this specific energy. This option has
been tested using ab initio simulations in our previous work,'®*
which will be reviewed in the discussion part. Using such a
kind of ab initio simulations has the advantage that it requires
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less approximations and assumptions than in the analytical
ansatz. The disadvantage of this approach is the high
computational costs, which limits the simulated cell size to a
few atoms, much less than in real systems.

B COMPREHENSIVE MODEL OF THE ELECTRON
CONDUCTION AND SWITCHING MECHANISM

As outlined in the previous section, using text book analytical
equations to identify the conduction mechanism of VCM cells
has several pitfalls. Quite often the underlying assumptions are
violated as the oxygen vacancy concentration is nonhomoge-
neous and varies during switching in VCM cells. In addition,
the total conduction may be limited by different conduction
mechanisms depending on the applied voltage regime. Thus, a
more sophisticated modeling approach considering the oxygen
defect distribution is required. As shown in Figure 1, the
majority of the VCM devices can be categorized in two type of
I-V curves: a highly nonlinear asymmetric type (type 1) and a
more linear type (type 2).

Type 1 |-V Characteristics. In our previous studies, we
investigated type 1 conduction with a strong exponential [-V
curve, using density functional theory combined with the
nonequilibrium Green’s function formalism (DFT + NEGF) as
implemented in the Atomistic Tool Kit (ATK).'”>'7¢ As
exemplary system for the type 1 I-V curve, we investigated a
Pt/SrTiO; based VCM cell.'® Figure 5a shows the atomistic
model of the Pt/SrTiO; supercell. The SrTiO; slab contains
one oxygen vacancy, which corresponds approximately to a
vacancy concentration of § X 10?* m™>. The results have been
published in our previous work'®> and are reproduced using a
later version of the simulation program ATK. (The possible
influence of the Nb:SrTiO; ohmic electrode has been verified
in another work'”” and leads to the same conclusions.) A
useful tool to visualize the electronic structure is the local
density of states (LDOS), which delivers an energy and space
resolution of the electronic states. This LDOS has been plotted
for three different voltages in Figure Sb. The different voltages
lead to a separation of the quasi Fermi level and shifts the
metal Fermi level to higher energies. The color map reveals
many electronic states at energies and positions with a bright
purple color. In contrast, the dark regions in the LDOS have
zero electronic states. The simulated LDOS could be
understood as follows: On the right side many purple states
are found at the Fermi level and over the full energy range,
which represents the metallic character of the Pt electrode. In
the SrTiO; part, a dark region forms around the left quasi
Fermi level, which indicates that no electronic states are found
at this energy. This missing of states represents the band gap of
the SrTiO;. The bright purple regions energetically below and
above the left Fermi level are the valence and conduction band,
respectively. Hence, the conduction band minimum (CBM), as
the most important ingredient for the band transport, could be
traced by using the LDOS. The CBM is the upper transition
line between the bright purple region and the dark region in
the SrTiOj; slab and marked by a white line. The conduction
band shows an upward bending toward the Pt contact, which
results in the Schottky barrier. The applied voltage corresponds
to a reverse bias Schottky contact, which becomes visible in the
LDOS by the increased band bending. To analyze the current
transport, the NEGF mechanism is used to calculate the
spectral current as it is defined by Stradi et al.'’® The spectral
current is an energy-resolved current, which indicates the
current transport in each energy range and is plotted for the
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Figure S. (a) Supercell for the DFT + NEGF simulations of the
SrTiO,/Pt Schottky, as used in our previous work.'”* The arrow at
the V; shows the position of the oxygen vacancy in the SrTiOj; slab of
the super cell. The double arrows are the simulation boundary
conditions specified in the Methods section. (b) LDOS at 0.1 V (top),
0.6 V (middle), and 0.9 V (bottom). The right side shows the
calculated energetically resolved current spectrum, compared to the
LDOS. The white line is the conduction band minimum (CBM), and
the dashed line is the quasi-Fermi-level in the Pt electrode.

three voltages in Figure Sb. For all voltages, the spectral
current has a peak-shaped distribution with a maximum lower
than the Schottky barrier height but higher than the CBM
minimum. Hence, the quantum mechanical simulations
suggest a tunneling through the Schottky barrier into the
conduction band. At lower voltages, the peak of the spectral
current is higher than the Fermi level of the right electrode and
the electron tunneling requires a thermal excitation to this
energy level. At higher voltages, the electrons can tunnel
directly from the Fermi edge, which leads to a direct tunneling
transport.'*”'®> This results in a special transition from
thermally excited to direct tunneling. Experimentally, this
transition has been verified by electrical characterizations at
different temperatures T. At the transition from thermally
excited to a direct tunneling, the temperature dependence
changes.'®” This principle of conduction has been verified for
several resistance states (differing by many orders of
resistance) using experimental electrical characterization of
the SrTiO5/Pt systems. In addition, the atomistic model shows
consistent results with a continuum simulation model
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implementing the atomistic conduction picture.'”’ Using this
continuum model, the experimental current transport for the
forward direction has been correctly predicted. This shows that
the proposed conduction model consistently explains the
forward and backward direction conduction of the SrTiO,/Pt
system including a change in the temperature dependence at
high voltages.””'*”'®* The consistent description of the
experimental data with this model suggests a conduction
mechanism based on a band transport, which is limited by the
electron transfer across the active Schottky contact. The huge
exponential character stems from the thermal activation and
the reduction of the tunneling distance through the Schottky
contact barrier. The resistive switching behavior is invoked by
changing the oxygen vacancy concentration at the Pt interface,
which shortens and widens the tunneling distance at the
interface by changing the Schottky screening length. In
conclusion, the presented results are consistent with the facts
of a strong exponential voltage dependence and the known
influence of the metal electrodes. This conduction mechanism
has been also successfully applied to a VCM system based on
TiO,.°® Furthermore, it is consistent with the dynamic
continuum simulations in refs 178 and 179 which apply a
band conduction model with two Schottky barriers.

From this point of view, it is likely that this type of
conduction could be generalized to systems with a strong
exponential voltage dependence. Hence, the type 1 conduction
mechanism is a band transport, which is limited by the
Schottky contact at the electronically active electrode. The
exact coupling between the metal contact and the oxide
conduction band may differ depending on the VCM system.
Depending on the metal/oxide interface, the transport across
the Schottky contact could have different origins: thermionic
emission, thermionic field emission, and field emission.
However, the identification of the conduction mechanism by
fitting an analytical equation should be checked carefully. As
discussed before, the analytical equations are derived under
conditions, which are unlikely to be found in VCM cells, such
as a precise homogeneous doping distribution generated under
laboratory conditions.

Theoretically, the thermionic emission as a transport over
the barrier is possible. In a degenerated semiconductor/
insulator also field emission may become possible. The
quantum mechanical simulations suggest a tunneling process
and it is likely that this is also valid in most type 1 VCM
systems. Note that the simulations contain all energy
contributions and could lead to any kind of transport across
the barrier, namely TE, TFE, and FE. The argument is that
type 1 VCM systems exhibit high Schottky barriers. Addition-
ally, the thin layer oxides are only a few nanometers, which
means that the screening length must be very short in order to
allow a change in the conduction by a change in the oxygen
vacancy concentration. Thus, a tunneling process is very likely
to happen for these systems. Nevertheless, it depends on the
specific system in which the Schottky contact is overcome, but
all fall into the category of conduction band transport.

Type 2 |-V Characteristics. Now, we apply the DFT +
NEGF method to a system with type 2 I—V characteristics
showing less nonlinear behavior. To this end, a supercell is
generated, which represents a Ti/HfO,/Pt layer stack. In this
case, the electronically active electrode is the Pt electrode. The
supercell is plotted in Figure 6a and has an HfO, layer
thickness of 3 nm. The HfO, layer is divided into three zones
of 1 nm, which are differently colored. To realize different

https://doi.org/10.1021/acsaelm.1c00398
ACS Appl. Electron. Mater. 2021, 3, 3674—3692


https://pubs.acs.org/doi/10.1021/acsaelm.1c00398?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaelm.1c00398?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaelm.1c00398?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaelm.1c00398?fig=fig5&ref=pdf
pubs.acs.org/acsaelm?ref=pdf
https://doi.org/10.1021/acsaelm.1c00398?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Electronic Materials

pubs.acs.org/acsaelm

Spotlight on Applications

Energy [eV]

0 30 40
Position [A]

30 40
Position [A]

Energy [eV]
o

108 10€ 104 102 400
Transmission Spectrum []
Ti HfO, Pt

50 60

0 30 40
Position [A]

Figure 6. (a) Supercell of the HfO, based Ti/HfO,/Pt VCM cell. The simulation boundary conditions specified in the Methods section are marked
by the double arrow. The HfO, has a thickness of 3 nm. (b) Sketch of the realization of the resistance states. The colors correspond to the regions
in supercell a. (c) Transmission probability of the three different atomic configurations (HRS, IRS, LRS). (d) LDOS of the three different
resistance states at zero voltage. The white lines are the CBM and VBM. The dashed line is the Fermi level. The white arrow marks the screening
kink in the CBM. In the LDOS of the LRS, the blue double arrow indicates the thermal excitation to the defect state that is nearest to the Pt

interface.

resistance states, different numbers of oxygen vacancies are
inserted into these zones. To represent the HRS, ten oxygen
vacancies are inserted into the first 1 nm zone directly at the Ti
interface. This leads to a 2 nm gap without any oxygen
vacancies at the active electrode. For the intermediate state
(IRS), five further oxygen vacancies in the second 1 nm range
are added to the HRS configuration. This leads to an oxygen
vacancy free gap of 1 nm at the active electrode. For the LRS,
two additional oxygen vacancies are inserted in the third 1 nm
range close to the active electrode. This closes the gap at the
active electrode. To illustrate the closing of the gap, the HRS,
LRS, and IRS are sketched in Figure 6b. In general, the oxygen
vacancy concentration is not constant during switching, which
requires an oxygen exchange with the environment/electrodes.
Nevertheless, a comparable scenario in which the amount of
oxygen is conserved could be created. To this end, the oxygen
vacancy reservoir at the Ti electrode is partly depleted by
displacing oxygen vacancies to the gap region close to the
active Pt electrode. The concentration gradient in this scenario
is approximated by three ranges of decreasing amount of
oxygen vacancies. Dividing the structure into more ranges is
limited due to the limited size of the supercell of a few hundred
atoms in our ab initio simulations. The conclusions, however,
remain valid for another choice of gradient.

For the three described atomic configurations, the trans-
mission spectrum and the LDOS are calculated by means of
DFT + NEGF. The transmission spectra of all structures have
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a comparable character and are plotted in Figure 6c. They
show a transmission above 0.6 eV, which corresponds to a
transport over the conduction band of the HfO,. In the energy
range below 0.6 eV, the transmission spectrum has several
peaks which originate from the transport via the defect states
induced by the oxygen vacancies.

The LDOS of the HRS is plotted in Figure 6d. It reveals the
metal insulator metal structure. At the left Ti metal electrode,
many electronic states over the whole energy range exist. The
same applies for the Pt electrode on the right side. Both metals
have a different work function, which is compensated by a
charge transfer. This effect shows in the LDOS by a bending of
the conduction band. Again, the transition line between the
bright and dark region in the HfO, range of the LDOS defines
the CBM, which reveals the expected band banding. In a
perfect insulator, the conduction and valence bands form a
tilted rectangle, because no screening is possible due to the low
charge in the insulator. Here, the depicted scenario clearly
differs from the tilted rectangle, because of the oxygen
vacancies, which disturb the perfect insulating character. The
oxygen vacancies induce a defect state in the band gap. This
generates a bright purple spot within the simulated LDOS of
the HfO, band gap. In the HRS configuration, a huge
accumulation of oxygen vacancies close to the Ti electrode
leads to overlapping defect states. As a consequence, the defect
states distribute over an energy range, which suggests a sub-
band formation. In the LDOS, this leads to the purple range in
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Figure 7. Sketch of the band diagrams for the HRS (left) and LRS (right) conduction in (a) type 1 and (b) type 2 devices under a small read
voltage. The defect states are induced by oxygen vacancies. The gray region indicates that the defect states might be smeared over a certain energy
range. The SET/RESET switching occurs due to a reconfiguration of the oxygen vacancies.

the first 1 nm zone. At the position of the high oxygen vacancy
concentration, the conduction band shows a kink, which stems
from the screening of the Schottky interface.

The intermediate state has five additional vacancies in the
middle range, which reduces the vacancy free gap to 1 nm.
Again, looking at the defect states, five additional purple spots
arise from these oxygen vacancies, but the tendency towards
sub-band formation is reduced. As a result, the screening
already occurs in the middle of the device and the kink shifts
into the second 1 nm zone. This effect further enhances in the
LRS configuration, where the two additional oxygen vacancies
are inserted into the third zone. Here, the Schottky barrier
screening is shifted toward zone 3 and the kink is found closer
to the active Pt electrode. In conclusion, in all cases the
simulation results suggest a trap-assisted tunneling transport
due to the peaks in the transmission spectrum (cf. Figure 6c)
at the energy levels of the defect states. On average, the
transmission increases from the HRS to the LRS as the “gap”
closes and the transmission probability of electrons through
the gap increases. This trap-based transport is in accordance to
many other studies as discussed before. It also includes the
studies, which suggest a space charge limited current transport,
where the conduction in the HfO, layer is determined by a
trap-to-trap transport. The electrode interface, however, has a
strong and important influence, which contradicts the trap-
based models that only consider the bulk transport. This issue
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has been addressed in the highly relevant study of Yu et al,, in
which an interface limited trap assisted tunneling is
proposed.’”” In this study, the random telegraph noise
(RTN) of four different resistance states is analyzed by
extracting the power spectral density. The analysis suggests a
tunneling from the electrode to the nearest trap (induced by an
oxygen vacancy defect state) as limiting conduction mecha-
nism. In the HRS, a gap without any oxygen vacancies arises at
the active electrode. In this case, the interface nearest trap
limits the tunneling into the Pt electrode. In the LRS, this gap
is closed and many trap states are close to the interface.
Therefore, the tunneling between electrode and trap occurs
over many defect states. The transport within the oxide in this
model occurs over the trap states induced by the oxygen
vacancies. This could be either a trap-to-trap tunneling or a
sub-band transport. The limiting step determining the overall
resistance is the tunneling between trap and metal electrode.
The switching is then based on the reduction of the tunneling
distance between traps and interface. In the study of Yu,
however, space charges or the difference in the metal work
function is neglected. The latter changes the energetic position
of the defect states. Consequently, the defect states are not
aligned to the Fermi level and a direct tunneling is not possible.
This alignment of the defect states is also not generally valid.
The position of the defect states depends on the used
materials, which would also prevent a direct tunneling.
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Therefore, the model of Yu should be extended by considering
the DFT + NEGEF results, which reveal the relevance of space
charge. Our DFT + NEGF simulations reveal that the direct
tunneling from the Fermi edge could only occur to the defect
positions at the end of the Schottky barrier depletion zone.
The reason for this is that at this position the traps are pinned
to the same energetic position as the Fermi level. The oxygen
vacancy, which is closest to the electrode is at a higher energy
level above the Fermi level. Consequently, a thermal excitation
is required for this tunneling process. Hence, there are more
opportunities to overcome the Schottky interface: (1) a
thermally excited tunneling into the interface nearest trap; (2)
a direct tunneling into the trap states near the Fermi edge at
the end of the depletion zone. Whether case 1 or 2 is the
dominating one depends on the thermal excitation probability
with respect to the tunneling probability through the depletion
zone. In the LDOS’s of Figure 6d, this tunneling would require
a thermal excitation of about 1 eV. At room temperature, the
Fermi distribution lowers by more than 15 orders of
magnitude. This 15 orders of magnitude must be compared
to the benefit of a shorter tunneling distance. To this end, the
variation of the transmission spectrum in Figure 6¢ can be
used, which only shows a change of about 6 orders of
magnitude. Thus, it is clear that the required thermal excitation
probability could not be compensated by the shorter tunneling
distance. As a result, the dominating charge transfer at the
interface is given by process 2 of direct trap to electrode
tunneling.

In conclusion, the interface limited direct tunneling into the
trap states as explained by Yu gives, in general, the correct
picture, but the tunneling distance is not determined by the
interface nearest trap state. Instead, the tunneling distance is
determined by the Schottky screening distance, which is the
position of the kink in the LDOS states. At this screening
distance, the trap states are located at the Fermi level. The
resistive switching effect is thereby invoked by a change of the
tunneling distance which is determined by the oxygen vacancy
defect concentration. In the HRS, the screening distance is
long and for the LRS the screening distance becomes short. To
conclude, the screening distance replaces the trap to interface
distance in the interface-limited TAT model.

B DISCUSSION

Based on the DFT-NEGF simulations of a Pt/SrTiO; VCM
system and a Pt/HfO,/Ti VCM cell, we identified two
different type of conduction mechanism. Figure 7 illustrates
the conduction mechanism for the LRS and the HRS for both
systems. While the details of the conduction mechanisms are
different, the broader picture of the switching and conduction
mechanism are very similar. For both systems, the HRS state is
described by an oxygen vacancy rich range at the ohmic
electrode and an oxygen vacancy depleted zone at the
electronically active Pt electrode. The Schottky contact at
the Pt electrode is screened at the trap rich region, which is the
kink in the CBM in the LDOS of the DFT + NEGF
simulations (cf. Figure 6d). One effect of this screening is that
the Fermi level is pinned at the defect state level in the oxygen
vacancy rich region. The resulting Schottky barrier at the Pt/
oxide interface limits the conduction in both cases. Due to the
different defect levels in the two systems, however, the
electrons are transported at a different energetic level. For the
Pt/SrTiO; system, the defect states are rather shallow, which
allows a tunneling transport between the Pt electrode and the
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conduction band of the SrTiO;. The electrons are then
transported via the conduction band. In the Pt/HfO,/Ti
system, in contrast, the electrons tunnel from the Fermi edge
in the metal to the “deep” defect states within the band gap.
The electrons are then further transported via the traps in the
oxides, which could in principle also form a sub-band. An
important result is that the tunneling distance in both cases is
determined by the screening length of the Schottky depletion
zone, but not by the distance to the nearest oxygen vacancy.
The oxygen vacancy defect states in this depletion zone are
positively charged and located above the Fermi level as typical
for n-type Schottky contacts.

The two different conduction paths (via the conduction
band and via the traps) lead to two different shapes of the
barrier. In the case of the tunneling into the conduction band,
a “triangular” (or parabolic) barrier results comparable to the
Fowler—Nordheim case. Thus, if a voltage is applied the
effective tunneling distance decreases and an exponential I-V'
relation results. In addition, a pronounced asymmetry with
respect to the voltage polarity is expected. In the Pt/HfO,/Ti
system, in contrast, the electrons tunnel mainly at the Fermi
edge in a quite narrow energy range. The form of the barrier
can be thus be better approximated as an asymmetric
trapezoidal barrier as described by Simmons."®” In this case,
the effective tunneling distance remains constant as long as the
applied voltage is not too high. This would result in a more
linear and more symmetric I-V curve. Nevertheless, the height
of the electrostatic barrier is reduced in both cases by image
force barrier lowering. This will impact mainly the transmission
probability and will also lead to a voltage dependence. This
voltage dependence, however, is less pronounced as in the case
of the voltage dependent reduction of the tunneling distance.
The same considerations are valid for the LRS. The major
difference in the LRS is that the oxygen vacancy concentration
at the interface is higher in the LRS, which reduces the
screening distance. As a result, the direct tunneling distance is
reduced. This leads to a lot higher current. In the same way,
intermediate resistance states are described by different
screening length often interpreted as different gap size. This
means that the conduction mechanism does not change; thus,
the main characteristic of type 1 or type 2 conduction are
preserved. For very thin barriers (or low barriers with low work
function metal), however, the interface limited transport and
the bulk transport (via trap levels or the conduction band) can
become comparable. In the case of the Pt/SrTiO; system, this
leads to a change in the limiting transport mechanism at higher
voltages. At low voltages the interfaces is limiting, but at high
voltages the bulk part becomes limiting. This transition
manifests in a change of the temperature dependence of the
current transport as discussed before.'”” The intermediate
resistance states could be implemented by different current
compliance or a current limiting serial resistance.'®" This leads
to different ionic concentrations or a different balance between
bulk and interface transport. Therefore, the shape of the -V
characteristic modifies slightly, but it is not expected to change
the fundamental properties such that it lead to a swap between
type 1 and 2. Other geometrical aspects as the diameter of the
filament shifts the current level but does not change the
current voltage dependence.

To summarize, the origin of resistive switching mechanism is
identical for both type of conduction. The Schottky depletion
zone is modified, but the tunneling process is different. For
both systems the resistance state is determined by the
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distribution of the oxygen vacancies. They will determine the
shape, i.e. the height and distance, of the Schottky barrier. As
typically two different metals with different work functions are
used, the initial shape of the electrostatic barrier is different
and one barrier will dominate. Thus, the change of the oxygen
vacancy concentration at the wider and higher barrier (ie.,
close to the higher work function metal) determines the
resistance state of the device. A high concentration leads to a
low resistive state, whereas a low concentration leads to a high
resistive state. This explains the clear bipolar switching
behavior of VCM cells. The resistive switching is induced by
changing the amount of defects close to the electronically
active electrode. This can be accomplished in two ways. In the
first scenario, the oxygen vacancies are redistributed by ion
migration within the oxide including possible oxygen exchange
reactions at the ohmic electrode. In this case a so-called
counter-eightwise switching is observed.'*”'®* This means that
the device sets/resets with a negative/positive voltage applied
to the electronically active electrode. In the second scenario,
the oxygen vacancy concentration changes due to an oxygen
exchange at the electronically active electrode. This results in
the opposite switching polarity also called eightwise switch-
ing.” The SET/RESET process occurs by applying a positive/
negative voltage to the electronically active electrode. In fact,
both processes can occur in parallel depending on the specific
VCM cell. It has been even shown that both switching
polarities can appear in the same cell.**'#*7'%

From this point of view the model for the conduction
mechanism reveals that the ion dynamics must lead to a
modification of the electron transport through the active
electrode/oxide interface. The conduction model does not
explain the dynamics of the resistive switching. However, it is
clear that jon dynamics and electronic conduction are strongly
correlated. As described in the dynamic model of Marchewka
et al,'”® the ion transport and thus the switching dynamics are
influenced by the local electric field and the local temperature.
Both quantities are influenced by the conduction mechanism.
The electric field is the driving force for the ion transport. As
the current transport due to the ions is small compared to the
electronic contribution, the local electric field is defined by the
electrical current. From the here presented model one can
conclude that the applied voltage drops mainly over the
depletion region. Hence, at this position the modification of
the electric field is significant. Moreover, the change of the size
of the depletion region will have a significant impact on the
electric field and thus the driving force of the ion motion. It
should be noted that for high voltages a significant voltage
drop will occur also over the “bulk” of the oxide. This
inhomogeneous and voltage-dependent local field distribution,
which is a result of the proposed conduction mechanism, will
significantly influence the local ion transport and, in turn, the
switching dynamics. The second important parameter is the
temperature, as this enhances the ion hopping transport of the
oxygen. Menzel et al."®” showed that a local temperature
increase in a filamentary region explains the strong nonlinearity
of the switching dynamics. The origin of this temperature
increase is the Joule heating, which is also determined by the
conduction mechanism. Due to the voltage drop at the
interface it is likely that the Joule heating at the active electrode
is the highest, but due to the small dimensions of the filaments
the Joule heating could also arise further away from the
interface. An important aspect is that the nonlinearity of the I—
V curve will also influence the switching dynamics if Joule
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heating occurs. For a linear I-V curve, the dissipated power
increases quadratically with the applied voltage. In contrast, for
an exponential I-V curve, the dissipated power also increases
exponentially. This can lead to a high nonlinearity of the
switching kinetics.

The two investigated model systems can represent the two
different type of I-V curves. The main difference of these two
systems is the type of the defect states. In case of the Pt/
StTiO;, the defect level induced by the oxygen vacancy is
shallow and a type 1 conduction appears. In contrast, the
defect level lies deep in the band gap in the HfO, system and a
type 2 conduction results. Thus, we propose that the type of
defect determines the type of conduction. If the oxygen
vacancies induce shallow defect levels, type 1 curves result. In
contrast, a type 2 curve is obtained if the oxygen vacancies
induce deep defect levels. Linderilv et al.'®" investigated
oxygen vacancies in several oxides using the hybrid functional
DFT method. They demonstrated that all oxygen vacancy
states are found in a tiny energy range compared to the
vacuum energy level. Within this arrangement it is possible to
distinguish two type of defect states. One type has a deep
donor like defect level, and the other forms a shallow defect
state. These two types differ also in the shape of their
eigenstate. The deep levels form an s-type defect state and the
shallow level a p-type state. This category fits to our analysis
for the two type of conduction mechanism. Linderilv et al.
reported shallow defects levels for TiO,, which shows a strong
exponential type 1 I=V curve when used in a VCM cell. For
StTiO; also shallow defect state with the same p-type
eigenstate are reported independently'®*'® For HfO,,
Linderilv et al. report a deep defect state, which will lead to
the interface-limited trap-based transport, which should show a
more linear type 2 conduction. This fits to the experimental
observation of type 1 and type 2 conduction in these
materials.*>**7%

In the Introduction we presented some examples from the
literature for type 1 and type 2 of the conduction mechanism
for VCM cells based on different oxides. A couple of them have
been considered in the work of Linderilv, which are
categorized into shallow and deep oxygen vacancy level.
Hence, for these materials the required data are available to
prove the hypothesis. For the materials BaTiOj;, In,O3, and
Sn,03, a more shallow defect state is reported. The I-V curves
coincide with the type 1 conduction. In contrast, Linderilv et
al. found the deep level type of oxygen vacancies in HfO,,
ZrO,, and Lu,0;. In the examples of the Introduction, these
two materials led to the second type of interface limited trap
assisted tunneling. Consequently, the literature review is
consistent with this hypothesis.

From this analysis it is possible to predict the temperature
dependence of the two conduction mechanisms. For the type 1
conduction thermal excitation is required, which leads to
Boltzmann like temperature activated transport. This has been
experimentally confirmed.”*'%>'**'*! Only in the extreme case
when the insulator becomes degenerated is direct tunneling
possible. It is assumed that this is the majority as even shallow
defect states are more than 0.15 meV below the conduction
band, such that not all donors (vacancies) are activated. For
the type 2 conduction, the tunneling occurs into the defect,
and mostly to those at the end of the screening length. These,
defects are located at the Fermi level and allow a direct
tunneling. Hence, only a weak temperature dependence is
expected, because most of the tunneling occurs without
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additional thermal excitation. However, a temperature increase
could lead to an easier access to defect states, which are slightly
above the Fermi level. As a result, a reduced temperature
activated transport could be possible, which is also found in
IHfO,-based devices.''>'"> For TaO, as a representative
material for the type 2 conduction, the reEorted temperature
dependence is also comparably small''"'** as expected from
our theory.

In the literature, often the temperature dependence is not
considered when the conduction mechanism is determined.
Consequently, the insufficient data does not allow a final proof
of this hypothesis and require further investigations. Never-
theless, the mentioned studies support our hypothesis.

The postulated hypothesis relates the observed experimental
characteristics to the nature of the oxygen vacancy defect
states, a microscopic property. This offers the perspective of
VCM cell design by microscopic considerations. To obtain a
highly nonlinear I-V curve a material with a shallow oxygen
vacancy defect level needs to be chosen. In case a more linear
I-V curve is desired, an oxide material with a deep oxygen
defect level needs to be chosen. In addition, the work functions
of the two oxides need to be considered as they define the
height of the barriers, and thus, the current level. For the target
application as an analog synapse in an artificial neural network,
a VCM cell with a high resistance tuning range with quasi-
analog states is preferred. A high resistance ratio is obtained for
type 1 devices as the highly nonlinear I-V curve allows for
tuning the device resistance in a large range. It should be noted
that a too high nonlinearity could lead to issues during the
training procedure. Type 2 devices, in contrast, offer a more
linear I-V and could lead to a better training efficiency. As the
electron transport in the bulk goes via the trap levels, current
jumps will occur due to ion jumps. This has been observed for
different type 2 devices.”""”*"""° Thus, it becomes hard to
program clearly distinguishable multilevel states. The above
considerations are rather general. For a specific application, the
trade-off between the desired properties and the available
choice of materials need to be considered. One additional
aspect is the programming capability of the different VCM
cells. If a certain device stack offers the optimal resistance
tuning properties but can only be programmed with very high
voltages, it might still not be usable for a specific application.

B CONCLUSION

In this article, we discussed the conduction mechanism of
VCM type memristive devices. In general, one can distinguish
two major types of I-V curves, as shown for the SrTiO;/Pt
and HfO,/Pt systems. The SrTiO; based cell has a strong
exponential [—V characteristic, and the HfO, based cell has a
much reduced strength in the I-V characteristic. In the
literature, several conduction mechanisms for VCM cells have
been proposed. A review of these studies reveals some pitfalls
when applying text-book conduction mechanisms to VCM
cells. In general, the bulk transport mechanism neglects the
clear polarity dependence of the VCM switching. In addition,
the analytical equations describing these transport mechanisms
considers homogeneous properties of the oxide such as a
homogeneous distribution of oxygen vacancies. This assump-
tion, however, is not valid for VCM cells as they rely on the
redistribution of oxygen vacancies. Thus, the VCM cell needs
to be split at least into different regions with different
concentrations. In addition, bulk conduction mechanisms
neglect the influence of the metal/insulator interfaces. While

3686

this may be true for very thick oxides, it is a critical assumption
for the typically very thin oxides of a few nanometers in state-
of-the-art VCM cells. Electrode limited transport mechanisms
can explain the polarity dependence and are therefore highly
interesting for a wide class of VCM cells. However, the
analytical equations describing the current transport are
derived under conditions, which cannot be ensured in VCM
cells and, thus, need to be used with care. Nevertheless, the
interface-limited trap assisted tunneling conduction mecha-
nism and the Schottky barrier limited band transport
mechanism are promising approaches to describe the electron
conduction in VCM cells. Using DFT + NEGF simulations, we
investigated the two different systems representing the two
major I-V curves: a SrTiO;/Pt based VCM cell and a HfO,/
Pt cell.

The ab initio simulation of the former system reveals a
thermally assisted tunneling, through the full Schottky
depletion zone into the conduction band. This fits with the
first type of conduction, because it confirms the strong
exponential -V dependence. In the HfO,/Pt based VCM cell,
we found indications of an interface-limited transport via the
defect states of the oxygen vacancies. This explanation of
transport fits with the second type of I-V curve. In both cases,
the electron transport is limited by tunneling through the
Schottky barrier that forms at the electronically active interface.
The Schottky depletion zone determines the tunneling
distance, and therefore, the resistance. The resistive switching
is then invoked by changing the oxygen vacancy concentration
close to this electrode, which modifies the Schottky depletion
zone. Finally, we propose a microscopic property that defines
the type of conduction: the energy level of the defect state
induced by the oxygen vacancy. Oxides with a shallow defect
state show a Schottky barrier limited band transport, while
deep defects result in an interface limited trap assisted
tunneling mechanism. Still, additional work is required to
confirm this hypothesis. Nevertheless, this microscopic picture
offers a rational design of VCM cells for memory and
neuromorphic applications by basic material properties.

B METHODS

The simulations are applied using a simulation package (ATK 2018).
All structures are relaxed until the forces are below 0.05 eV/A, thereby
the volumes of the electrodes have been constrained. The simulations
are applied using the Perdew—Burke—Ernzerhof (PBE) exchange
correlation function. Additionally norm-conserving pseudopotentials
are applied"””"*® as well as single-¢ basis set plus polarization, as
implemented in ATK. For the DFT + NEGF simulations, semi-
periodic boundary conditions are applied, called left and right
electrode. In the supercell plot those electrodes are signed by double
arrows. For the HfO, simulations, a Monkhost k-point sampling of 3
X 3 X 1 is used in the central device (without electrodes). The same
k-point sampling is used for the nontransport directions in the DFT.
The density mesh cutoff is chosen to 60 Ha.

The experimental measurements on the SrTiO; based cell are
explained in ref 100, and the fabrication process is detailed in ref 199.

The experimental measurements on the HfO, based cell have been
conducted using an Agilent BISOOA Semiconductor Analyzer. The
VCM cell is structured as 100 nm X 100 nm on a silicon substrate
with a 30 nm thick Pt bottom electrode. The active HfO, layer has
been deposited by atomic layer deposition. The 10 nm Ti top
electrode with a 20 nm Pt capping layer are deposited by an e-beam
evaporation process. For more details on the fabrication and the ALD
process, the reader is referred to ref 88, as the VCM cells used for this
study were fabricated with an analogous process.
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