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Critical Analysis of Thermodiffusion-Induced Unipolar
Resistive Switching in a Metal-Oxide-Metal Memristive

Device

Kristof Lange,* Rainer Waser, and Stephan Menzel*

It has been previously proposed that the SET and RESET processes in a unipolar
switching metal-oxide-metal memristive device can be explained by thermo-

diffusion only. In order to validate this, time-dependent finite element method
simulations are performed in a purely theoretical study. To that end, a range of
configurations regarding device geometry and various parameters is used. In
particular, this includes simulations using different activation enthalpies for

oxygen vacancy transport, different radii for the top electrode, and different time
constants for the applied voltage or current. When the top electrode is smaller
than the other layers by a sufficient margin, a temperature gradient emerges
that in turn leads to a transport of oxygen vacancies toward the center of the
oxide. This effect can be interpreted as a SET. In a system with low activation
enthalpy for vacancy transport, i.e., 0.4 eV or less, the effect is volatile, while it is
nonvolatile for activation enthalpies of 0.9 eV or more. However, in the latter
case, a RESET is not possible. Therefore, further effects other than thermo-

diffusion must be taken into account in the description of unipolar resistive

1. Introduction

By applying an external electrical signal, a
memristive device can be switched between
two or more distinct states of electrical
resistance. A transition into a state with
lower resistance is called a SET, while the
opposite is called RESET. Bipolar memris-
tive devices use different signal polarities
for their SET and RESET. Unipolar devices
typically have lower endurance when com-
pared to their bipolar counterparts.!'?
However, they require only a single polarity
of the applied signal for operation, making
them attractive for resistive switching arrays
as this allows for simplified circuit design.*!

In a unipolar device, SET and RESET are
controlled by the absolute values of the

switching.
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applied voltage and current, irrespective
of their polarity. During the SET process,
the current is limited by a current compli-
ance, whereas this limit is removed during
the RESET process. Consequently, the absolute value of the cur-
rent is highest for the RESET, while the absolute SET voltage is
higher than the absolute RESET voltage."

The asymmetric behavior of a bipolar metal-oxide-metal mem-
ristive device stems from the use of dissimilar materials for the
metal electrodes. One electrode, called the active electrode, shows
a Schottky characteristic at the interface, while the other one
forms an ohmic contact and is therefore called the ohmic elec-
trode." In such a device, the switching process is commonly
ascribed to a change in oxygen vacancy concentration at the
active electrode, i.e., a vacancy transport along the direction
of the electrical current.

On the other hand, a unipolar device is symmetrical in terms
of its electrical characteristics, which lends itself to a description
in terms of thermal effects. One such effect is the transport of
oxygen vacancies along a temperature gradient, also called ther-
modiffusion or Soret diffusion, which occurs mainly in the radial
direction perpendicular to the electrical current. The idea is that
during SET, the oxygen vacancies are pulled along a high tem-
perature gradient toward the hottest point at the center of the
oxide. Under the assumption of a low temperature gradient dur-
ing RESET, oxygen vacancies would diffuse back outward along
concentration gradients. Strukov et al. proposed that this by itself
could explain the switching of unipolar devices; however, their
description is limited by the assumption of static temperature
profiles during switching.””!
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As a dynamic model in support of this idea is not available
yet, we performed time-dependent finite element method
(FEM) simulations to validate if thermodiffusion by itself is suf-
ficient to explain the SET and RESET processes in unipolar
metal-oxide-metal memristive devices.

2. Simulation Setup

All our simulations were performed using the commercial finite
element software package COMSOL Multiphysiscs. In general,
the device used for all simulations consists of a top electrode,
an oxide layer, a bottom electrode, and a substrate. Figure 1 gives
a schematic overview of the axially symmetric 2D structure. The
bottom of the substrate acts as a heat sink at a constant tempera-
ture of 293.15 K, with all other exterior surfaces thermally insu-
lated. An electrical ground plane exists at the interface between
the substrate and the bottom electrode, and the electrical voltage
or current signal is applied to the top electrode. The radius of the
top electrode is half that of the other layers.

The equation system for the simulation contains three equa-
tions for the three state variables electric potential V, temperature
T, and oxygen vacancy concentration c. Given the applied voltage
or current, the electric potential is calculated by the static current
continuity equation

V-J=-V-(6VV)=0 (1)

where J is the electric current and o is the electrical conductivity.
Temperature profiles are calculated with the time-dependent
heat transfer equation

0
pCPa—ZZV-(KVT) -J-Vv (2)
using the density p, the heat capacity C,, and the thermal
conductivity «.

Starting with the Fick diffusion along concentration gradients
and the Soret diffusion along temperature gradients, the
continuity equation for oxygen vacancies becomes

A

appl. el. signal

20 nm TiN
250 nm 250 nm

60 nm TaO,

20 nm TiN

400 nm SiO,

]
: axial symmetry

Figure 1. 2D structure with axial symmetry in a schematic overview that
includes the boundary conditions for temperature and electrical potential
or current.
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oc
35, =V (DVo+ DreVT) (3)

Here, D and Dy denote the diffusion coefficients for Fick
diffusion

D = Dyexp (— Ii—hT[) (1 - CL) (4)

and Soret diffusion

AH

=SD=—
Dr=5r ky T2

D )

where AH is the activation enthalpy for vacancy transport, kg is
the Boltzmann constant, and St is the Soret factor. The diffusion
prefactor is given by Dy = 107° mTz The values for the maximum
concentration and the activation enthalpy are given by
Cmax = 1028 m~3 and AH = 1eV, respectively.

The simulation does not account for drift along the gradient
of the electric potential as we assume electrically neutral
vacancies in order to focus on thermal effects. Otherwise,
drift forces would be significantly greater than diffusion
forces.

In Table 1, the material parameters used for the simulation are
listed.!® The electrical conductivity of the oxide is given by

om0, = G0 — 1 Gy = 7.5 x 10 > (©6)
Crmax m

and therefore depends linearly on the oxygen vacancy

concentration.

Initially, the vacancies are distributed uniformly throughout
the oxide at a concentration of ¢, = 10> m~3. The total number
of vacancies in the oxide stays constant during the simulation,
which is why the concentration is only calculated in the oxide.
On the other hand, the temperature is calculated in all layers,
while the substrate is excluded for the calculation of the electric
potential.

3. Simulation Results

3.1. Evolution of Temperature and Concentration Profiles
Horizontal and vertical profiles of the oxygen vacancy concentra-
tion and temperature at different times are shown in Figure 2,

with the location of the cut lines with respect to the 2D structure
sketched in Figure 3a. The applied signal is a linear voltage ramp

Table 1. List of material parameters.

TiN Tao, Sio,
35 5% 10° user defined -
& 4 22 -
K [4] 5 4 1.4
G, [ﬁ] 545 174 730
P [ﬁ%] 5210 8200 2200
m
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Figure 2. Profiles of oxygen vacancy concentration and temperature along the horizontal and vertical cut lines shown in Figure 3 at selected times ¢,
showing the evolution over time. The vertical dashed lines in subfigures (a,b) mark the top electrode radius. a) Vacancy concentration along a horizontal
cut line. b) Temperature along the same horizontal cut line. c) Vacancy concentration along a vertical cut line at r = 0. d) Temperature along the same

vertical cut line.
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Figure 3. a) Sketch of the location of horizontal and vertical cut lines
within the oxide as used in Figure 2, indicated by red dashed arrows.
b) Simulated -V curve for a linear voltage-controlled sweep with a ramp-
ing time of 1's up to a maximum voltage of 2 V. The red circles correspond
to the times used in Figure 2.

from 0 to 2 V at a ramping time of 1 s. In Figure 3D, the resulting
total current is plotted against the applied voltage, and the times
of the cut lines in Figure 2 are marked.

At a voltage of ~1.75V, there is a sharp increase in current.
This coincides with a movement of vacancies toward the center
of the oxide, which causes an increase in oxide conductivity.
At the same time, the smaller top electrode leads to a radial
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temperature gradient that is the driving force behind the oxygen
vacancy transport. In contrast, in the axial direction along the
flow of electric current, only small temperature gradients evolve
within the oxide. Therefore, the vacancy concentration stays
much more uniform in that direction.

3.2. Unipolar Nature of SET by Thermodiffusion

The aforementioned transport of oxygen vacancies toward the
center of the oxide can be interpreted as an SET event. To dem-
onstrate the nonvolatile nature of this SET event for the given
configuration, the applied voltage signal was extended as indi-
cated in Figure 4, where the resulting current and maximum
vacancy concentration are also shown. During the first triangu-
lar voltage pulse, the maximum oxygen vacancy concentration
increases and stays elevated throughout the sweep, even after a
second triangular voltage pulse with negative polarity. Not only
does this verify that the SET is nonvolatile but it also shows that
a RESET is not possible, as the application of a voltage or cur-
rent signal directly leads to the temperature gradient that causes
the vacancy transport in the first place. To check whether this
behavior depends on the voltage polarity, a voltage signal with
reverse polarity was used, leading to identical results for
absolute current and maximum vacancy concentration. A com-
parison with measurements from other research groups of a
bipolar switching TiN/TaO,/TiN stack and a unipolar switching
Pt/TaO,/Pt stack shows that our SET voltages and currents con-
sistently fall within a reasonable range in terms of their order of
magnitude.”?
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Figure 4. a) Voltage sweep signal, starting with a positive voltage. b) Voltage sweep signal, starting with a negative voltage. c) Current resulting from the
applied voltage in subfigure (a). d) Current resulting from the applied voltage in subfigure (b). €) Maximum oxygen vacancy concentration corresponding
to subfigure (a). f) Maximum oxygen vacancy concentration corresponding to subfigure (b).

As the Soret factor is proportional to T~%, at high tempera-
tures, the equilibrium between Soret and Fick diffusion is shifted
in favor of the latter. This explains the dip in oxygen vacancy
concentration during the second voltage pulse, and also the
high concentration increase as the voltage returns to 0 V during
the first pulse. However, the point that the concentration stays
elevated still stands.

3.3. Top Electrode Radius

Figure 5 shows the I-V curves and the maximum oxygen vacancy
concentrations and temperatures for different radii of the top
electrode r,op, given as a factor of the oxide radius r.y. The activa-
tion enthalpy remains unchanged at AH = 1eV, and the same
value is also used in Sections 3.4 to 3.9. In this case, the same
voltage ramp as in Section 3.1 was used, immediately followed by
a linear ramp back to 0V at the same ramping time of 1s.
For ry,, = T, 10 radial vacancy transport occurs since there is
no radial temperature gradient. A small increase in the maximum

Phys. Status Solidi A 2024, 221, 2300407 2300407 (4 of 14)

vacancy concentration is caused by axial transport of oxygen vacan-
cies. In all other cases where ry,, < 1oy, the radial transport out-
weighs the axial transport by a few orders of magnitude.

The initial electrical conductance of the device decreases with
smaller top electrodes. Therefore, smaller top electrode radii lead
to higher SET voltages. Due to the lacking radial vacancy transport,
there is no SET event for r,, = 1, and the I-V curve is linear.

Similar to the discussion in the previous section, after its
increase during the SET with ry,, < o, the maximum vacancy
concentration decreases with further increasing voltage and thus
temperature. This effect is particularly noteworthy for top
electrode radii close to the oxide radius, shown here for a top
electrode radius of 450 nm, as there is a dip in temperature
directly after the SET. Conversely, as the applied voltage
decreases, the temperature increases for a brief time. In this case,
the concentration of oxygen vacancies almost returns to its initial
value at the peak voltage of the applied signal.

Interestingly, the final maximum vacancy concentrations
are similar for all shown cases where the top electrode radius
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Figure 5. Influence of the top electrode radius for a range of radii. a) I-V curves with arrows indicating the direction of the path. b) Maximum oxygen

vacancy concentration. ¢) Maximum temperature.

differs from the rest of the device. This could be caused by a self-
accelerating effect, where a temperature gradient causes an
inward radial transport of the oxygen vacancies, which increases
the electrical conductivity near the center of the device, causing
the temperature gradient to rise further. Due to Soret diffusion
being limited at high temperatures, the highest concentration is
only reached near the end of the triangular voltage pulse.
Especially for ry,, = 0.9 x r,,, during this final increase in the
concentration maximum, the vacancy distribution considerably
narrows toward the center of the device, as shown in Figure 6.

Figure 7 gives a closer view of the final maximum oxygen
vacancy concentration, i.e., at time t = 2, as a function of the
top electrode radius. The concentration stays roughly constant
up to a radius of ry, =450nm = 0.9 x r,, and then drops

logie(c'm®)
(a) 4 255
(b)— E 25.25
|
I |
25
(d)
N__F =
e

Figure 6. Evolution of the concentration of oxygen vacancies for the falling
edge of the voltage sweep as 2D heat maps spanning the entirety of the
oxide. The top electrode radius of ry, = 0.9 X ro, is marked by a vertical
dashed line, revealing that the vacancy distribution gets considerably nar-
rower.a) t=1s.b) t=12s.c)t=13s.d) t=14s.¢) t=2s.
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off, underlining the requirement for a sufficiently big difference
in radii to get radial vacancy transport.

3.4. Oxide Thickness

As most of the applied voltage is dropped over the oxide, its thick-
ness hoy, has a strong correlation to the total device conductance.
To study the effect on the SET process, a linearly increasing cur-
rent was applied to devices where we changed h, from its default
value of 60 nm. While the maximum currents are different, a
constant slope of 01/0t = 1 mAs~! was used for all oxide thick-
nesses. The results are summarized in Figure 8. When applying
a current-controlled signal, the SET event manifests itself as a
region with negative differential resistance in the I-V curves.
For thinner oxides, the current required for switching increases,
but at the same time, the SET occurs at lower voltages. Because of

©000O0O0O0OO o
M 275 %
£ o
o
> 27
s o
=
o 26.5
= o
X
o 26 °
= o
'g 255+ >
[V
25 . . : $°o_
200 300 400 500

Top electrode radius r,  (nm)

Figure 7. Maximum concentration of oxygen vacancies at t =2s as a
function of ryp.
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Figure 8. Influence of the oxide thickness on the SET process. a) |-V curves. b) Maximum oxygen vacancy concentration. ¢) Maximum temperature.

the negative differential resistance, the rate 0T /0t first increases
and then decreases during SET. However, the maximum cur-
rents were chosen such that temperatures never exceed 2000 K.

In all cases, a complete SET event is observed since the oxygen
vacancy concentration is reduced with a further current increase.
Notably, with thinner oxides, higher vacancy concentrations are
achieved. This is due to higher SET temperatures, which lead to
greater temperature gradients.

Figure 9 highlights a further effect observed for thicker oxides.
Instead of a mainly radial distribution of oxygen vacancies, a
noticeable concentration gradient in the axial direction emerges.
This follows the axial temperature gradient, which is more pro-
nounced with higher oxide thicknesses.

(a) -

: 10gse(cm?)

E 25.2
(b) 25.1

i 25

4 24.9

(c)

: 24.8

Figure 9. 2D heat maps showing the evolution of the oxygen vacancy dis-
tribution for an oxide thickness of h,, = 240 nm. Each snapshot covers the
entire oxide. A vertical dashed line marks the top electrode radius at half
the oxide radius. a) t = 0.36s. b) t = 0.42s. ¢) t = 0.48s.
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3.5. Electrical Conductivity of Metal Electrodes

To check to what extend the switching behavior is affected by the
electrical conductivity of the metal electrodes, denoted in this sec-
tion simply by o, we deliberately chose values multiple orders of
magnitude below the default value of 6 = 5 x 10° Sm~!. For all
conductivities, the same voltage signal as in Section 3.1 is used: A
linear ramp up to 2V is immediately followed by another linear
ramp back to 0V, after which no signal is applied for 1s. The
sweep is completed by two further linear ramps to —2V and
immediately back to 0 V. Each ramp takes 1s.

With the peak voltage fixed at 2V, Figure 10 shows that the
SET during the first voltage ramp is incomplete if the electrical
conductivity of the metal electrodes is too low. In these cases, the
actual SET voltage is greater than the peak sweep voltage, and the
concentration of oxygen vacancies is further increased toward
the end of the sweep. Due to the lowered electrical conductance
of the whole device, less current is flowing and the reduced peak
temperatures are not sufficient for a complete SET. On the other
hand, electrodes that are more conductive allow for increased
temperatures and thus higher concentrations of oxygen
vacancies.

Plotting the voltage at t = 1s along a cut line, which extends
from the ground plane to the upper electrical contact and is sit-
uated atr = 0, as done in Figure 10d, reveals the voltage dropped
across the electrodes. As the electrodes become less conductive,
the voltage dropped across them increases. At the lowest
simulated electrode conductivity of ¢ = 102 Sm~!, however, this
voltage is reduced again. Conversely, a higher voltage is dropped
across the oxide, which in combination with the low electrode
conductivity indicates a low oxide electrical conductivity. This
is the result of the SET process not being able to advance as
far due to lacking temperatures. In contrast to this, for
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Figure 10. Voltage-controlled sweeps for different electrical conductivities of the metal electrodes. a) -V curves with the path direction indicated by
arrows. b) Maximum oxygen vacancy concentration. ¢) Maximum temperature. d) Voltages att = 1 s along a cut line at r = 0 spanning the oxide and both
electrodes. Vertical dashed lines mark the interfaces between the electrodes and the oxide.

o = 10*Sm™1, the SET transition is successfully completed, yet
almost the entire applied voltage is dropped across the oxide,
which is why this case has the lowest external SET voltage.

In summary, an influence of the electrical conductivity of the
metal electrodes on the switching behavior is only observed at
values at least two orders of magnitude below typical metal con-
ductivities in the order of 6 ~ 10°...107 Sm~1.>1%

3.6. Substrate Thermal Conductivity

The SET characteristics of the simulated device are strongly tem-
perature dependent. Aside from the amount of Joule heating,
another important aspect is the heat dissipation on which the
thermal conductivity of the substrate kg, has a big influence.
For this reason, we ramped the applied voltage up to 2 V and then
back to 0V at a constant rate of 2V s~! and repeated this for dif-
ferent substrate thermal conductivities. Figure 11 gives an over-
view of the results. Before the SET event, the temperature
increases more quickly if the substrate is less thermally conduc-
tive, causing the SET voltage to be lower.

Although the temperature at which the SET starts is similar in
all cases, a more thermally conductive substrate leads to higher
temperature gradients within the oxide and therefore an
increased transport of oxygen vacancies. This is also reflected
in the maximum concentration of oxygen vacancies at the end
of the sweep. After the SET event, two counteracting effects
determine the temperature. A low thermal conductivity of the
substrate means that less Joule heating is required to achieve
a certain temperature, but in a device with thermally well con-
ducting substrate, there is more Joule heating due to a higher
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electrical conductance after the SET. Overall, the peak tempera-
ture at t = 1s increases slightly as kg, decreases.

3.7. Oxide Thermal Conductivity

At constant levels of Joule heating, a less thermally conductive
substrate directly leads to higher oxide temperatures due to better
heat retention. In contrast to this, the thermal conductivity of the
oxide by itself does not directly affect the average oxide tempera-
ture, although it does have an influence on the temperature dis-
tribution within the oxide layer. An oxide with low thermal
conductivity causes higher internal temperature gradients,
resulting in increased Soret diffusion of oxygen vacancies.

As more vacancies accumulate at the center of the device,
its conductance rises. Taking into account the increased
amount of Joule heating, this leads to higher temperatures
immediately after the SET when the oxide is thermally well insu-
lating. This is demonstrated in Figure 12, where a linearly
increasing current up to 1.2mA with a ramping time of 1 s
was applied. In a thermally well-conducting oxide, more heat
needs to be generated to create a sufficient temperature gradient
to initiate the SET process, which correlates with a higher SET
voltage. At high currents beyond 1.2mA, this translates to a
positive correlation between voltage and oxide thermal conduc-
tivity. The higher voltage is the reason for the case with

ox = 10 W (m - K)~! showing the quickest temperature increase
toward the end of the sweep.

In almost all -V curves, the SET leads to a single continuous
region with negative differential resistance. However, for the
lowest ko, the onset of a negative differential resistance is
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Figure 11. a) /-V curves for a range of substrate thermal conductivities.
Arrows indicate the path direction. b) Maximum temperature.
c) Maximum oxygen vacancy concentration.

interrupted by a brief increase in voltage. This voltage increase
coincides with a redistribution of oxygen vacancies that leads to a
smaller radius of the conductive filament, which counters the
increase in filament conductivity. While the total device conduc-
tance still increases, the rate at which it does so is slowed
down enough to interrupt the emergence of negative differential
resistance. The smaller filament radius is a consequence of the
reduced ability of temperatures to equilibrate if a low thermal
conductivity inhibits the heat transfer within the oxide.
Figure 13 is a visualization of the stronger heat confinement
at low ko and the resulting smaller conductive filaments.

3.8. Diffusion Prefactor

In our model, the mobility of oxygen vacancies can be directly
tuned via their diffusion prefactor D. It follows that with lower
Dy, the temperature necessary to start the SET process increases,
and thus the SET voltage is also higher. This is visualized in
Figure 14 for a set of diffusion prefactors. As in Section 3.6,
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Figure 12. Effect on the SET characteristics of varying the oxide thermal
conductivity. a) -V curves. b) Maximum temperature. c) Maximum
oxygen vacancy concentration.

we applied two linear voltage ramps, up to 2V and back to
0V, with each ramp taking 1s. Att = 1s, the device state shows
no dependence on D, in terms of peak temperature and maxi-
mum oxygen vacancy concentration. Despite this, at the end
of the sweep, the maximum concentrations differ due the ability
of a device with higher diffusion prefactor to react more easily to
the shifting equilibrium between Soret and Fick diffusion. This
effect is countered in part by a higher mobility at lower temper-
atures, where the equilibrium shifts back in favor of Fick diffu-
sion as the temperature gradients get smaller.

3.9. Ramping Time

To study the dynamics of the SET by thermodiffusion, in our
simulation, we applied a linearly increasing current up to
1.5 mA and varied the time taken for ramping up the current,
trise, OVer multiple orders of magnitude. A top electrode radius
half as big as the oxide radius, serving as the default value, was
used for this study, as well as the studies in Sections 3.4 to 3.8
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Figure 14. a) I-V curves for a range of oxygen vacancy diffusion prefactors. Arrows indicate the path direction. b) Maximum temperature. ¢) Maximum

oxygen vacancy concentration.

and in Section 3.10. As shown in Figure 15, a change of t,;; has
a strong impact on not only the SET voltage and current but also
the oxygen vacancy concentration reached during the SET.

The voltages and currents at which the system starts to show
a negative differential resistance decrease for longer ts.. As
these points mark the SET event, a slower current ramp allows
for lower SET voltage and current, since the system is given
more time to approach an equilibrium between Soret and
Fick diffusion. At the SET event, the temperature quickly
increases, followed by a period of less rapid temperature
increase due to the decreasing voltage. Slower current ramps
also result in higher peak vacancy concentrations, as more time
is spent at lower temperatures before the Soret diffusion is
reduced.
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3.10. Activation Enthalpy

As the activation enthalpy AH is lowered, the system under-
goes a transition from nonvolatile to volatile behavior, where
it remains at or close to thermal equilibrium throughout a
sweep. To visualize this, a triangular voltage pulse from 0 to
2Vin 1sand from 2V back to 0V also in 1s was applied, fol-
lowed by 8 s with no applied signal. The results are presented
in Figure 16. Since higher activation enthalpies equate to lower
vacancy mobility, there is an increase in the SET voltage. On
the other hand, the devices with higher activation enthalpy
have a higher electrical conductivity after SET, resulting in
slightly increased temperatures. In a real device, a change in
AH can be achieved either by modifications to the oxide like
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varying its density or the introduction of dopants, or by replac-
ing the oxide entirely.

For the first two seconds, the evolution of the maximum con-
centration of oxygen vacancies can be explained mostly by the
proportionality of the Soret factor in terms of temperature and
is similar for all cases shown here. However, the behavior after
removal of the signal strongly depends on the activation
enthalpy. While at AH = 0.65 eV, there is only a slight reduction
in concentration, at AH = 0.4¢eV, the initial concentration of
co = 10?° m~3 is reached almost immediately, indicating a vola-
tile SET.

4. Modified Simulation Setup
4.1. Changes to the Configuration

In order to avoid elevated temperatures at the outer edge of the
oxide, we performed further simulations using an extended
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geometry, as shown schematically in Figure 17. The substrate
material was also replaced to allow for equilibrated temperatures
at the heat sink interface. This serves as a validity check for the
results in Section 3. Obtaining qualitatively very similar results
with the more rigorous boundary conditions of the extended
geometry would give an indication that the structures described
here and in Section 2 both lead to the same conclusions.

An updated list of the material parameters is shown in Table 2.
Note that only the values for the substrate have changed, as the
materials of the other layers remain unchanged.

In the diffusion coefficient, the limiting factor for high oxygen
vacancy concentrations was removed, simplifying it to

AH

This was done to ensure the stability of simulations, as the
concentration limit was reached even with the limiting factor,
causing simulation failure. Instead, we checked afterward
that the vacancy concentration did not exceed physically reason-
able levels. Meanwhile, the oxide electrical conductivity is
rewritten as

. (¢ S
0Ta0, = Op Min (g 1000), 6o =175 - (8)

with the initial oxygen vacancy concentration ¢, = 10% m~3. To
keep the device conductance from getting too high, which
would again lead to problems with simulation stability, the con-
ductivity is thus capped for ¢ > 1000 - ¢,, but otherwise its defi-
nition is the same as in the previous sections.

4.2. Profiles of Temperature and Oxygen Vacancy
Concentration

We applied a linear current ramp from 0 mA to 0.4 mA over a
time of 1s, at a lowered activation enthalpy of 0.9eV, and
observed the evolution of temperature and concentration profiles
along a horizontal and a vertical cut line. The location of the cut
lines within the oxide is sketched in Figure 18a. With the
expanded geometry, there are two regions of negative differential
resistance, as shown in Figure 18b. The points corresponding to
the times at which the snapshots in Figure 19 were taken are
marked. According to this, the SET occurs within the first,
smaller region of negative differential resistance.

As in Section 3.1, the gradients of temperature and oxygen
vacancy concentration are higher in the radial than in the axial
direction. However, while in the smaller device, the concentra-
tion is affected in the whole oxide, here, the redistribution is
limited to radii smaller than two or three times the top
electrode radius. Consequently, surrounding the center with
elevated concentration, a ring is formed where oxygen vacan-
cies are depleted. The area in the center, where the vacancy
concentration and therefore also the electrical conductivity
are higher than their initial values, increases in size with rising
current. This could be an explanation for the much bigger sec-
ond region of negative differential resistance, which only
reverts to a positive differential resistance at unrealistically
high currents.
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Figure 16. a) Voltage-controlled sweeps for different activation enthalpies. The signal is identical to the one used in Section 3.3, but here the sweeps are
extended to t = 10s by a period without applied signal. b) Maximum temperature over time. Only the first four seconds are shown because the tempera-
ture remains at ambient temperature for the remainder of the sweep in all cases. ¢) Maximum vacancy concentration during the triangular voltage pulse
and for eight seconds after the pulse, showing the retention behavior at short timescales.
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Figure 17. Schematic representation of the modified axisymmetric 2D
structure, not to scale. Notably, the device radius and the height of the
substrate are increased substantially. Also, the substrate material now
has a higher thermal conductivity than SiO,.

4.3. Activation Enthalpy and Retention

For a further understanding of the influence of the activation
enthalpy, we applied two triangular current pulses up to an abso-
lute current of 0.4 mA as shown in Figure 20c. After that, no
input is made for the rest of the sweep, which ends at
t =300s. The resulting simulated -V curves and maximum
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Table 2. List of updated material parameters.

TiN TaO, Substrate
o[ 5 x 10° User defined -
e 4 22 -
K [mi 5 4 12
Cp [kgliK] 545 174 532
» [%} 5210 8200 4810

temperatures are presented in Figure 20ab. Like in
Section 3.10, an increase in activation enthalpy leads to higher
SET voltages and currents. For the current-controlled sweep, this
results in higher maximum voltages and thus a clear increase in
the maximum temperature. Note that for the case of AH = 1eV,
the temperatures briefly exceed 2100 K, at which point a real
device could start to melt.'*'? Hence, the validity of the results
for this case may be questionable. However, we decided to
include it anyway for comparability with the results in Section 3.
In all other simulations, the peak temperatures remain below
2100 K. During measurement, temperatures could be limited
using a current compliance, as the maximum temperature imme-
diately after the SET is less than 2000 K even for AH = 1eV.
Expanding on the study in Section 3.10 regarding retention,
the maximum concentration of oxygen vacancies was observed
during the gap between both current pulses and after the second
pulse, as shown in Figure 21. Removal of the limiting factor for
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Figure 18. a) Sketch of the location of horizontal and vertical cut lines
within the oxide as used in Figure 14, indicated by red dashed arrows.
b) Simulated I~V curve for a linear current-controlled sweep with a ramp-
ing time of 15 up to a maximum current of 0.4 mA. The red circles corre-
spond to the times used in Figure 19.

vacancy transport at high concentrations means that a higher acti-
vation enthalpy is required for comparable retention performance.
Importantly, the maximum concentration levels remain physically
reasonable in all cases. Again, the maximum vacancy concentra-
tion stays elevated throughout the sweep, only falling to the initial
value for low activation enthalpies. In the case of AH = 0.5 eV, the
retention is low enough for significantly increased hysteresis in
the [-V curve during the second current pulse.
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In Figure 22, we verify that the extended geometry does in fact
keep the temperatures near the bottom of the substrate and near
the outer edge of the oxide close to ambient temperature.
Therefore, even accounting for thermally equilibrated boundary
conditions, the simulated devices cannot be RESET with an exter-
nal signal when only thermodiffusion and Fick diffusion are
included in the model. In this context, reaching a uniform oxy-
gen vacancy distribution after the SET requires a device exhibit-
ing volatile switching.

5. Conclusion

Using a time-dependent FEM model, we show that the inclusion
of only thermal effects in the form of thermodiffusion countered
by diffusion along concentration gradients does indeed produce
unipolar behavior that does not depend on the polarity of the
applied signal. We present a possible SET transition that can
be tuned to be volatile or nonvolatile by varying the activation
enthalpy for oxygen vacancy transport. However, with our model,
we cannot get the system to undergo a RESET in the nonvolatile
case, suggesting the requirement of other effects like interface
reactions for a complete description of unipolar resistive switch-
ing in metal-oxide-metal memristive devices. We checked these
findings using a modified setup with low-temperature gradients
at the bottom of the substrate as well as the outer edge of the
oxide and obtained qualitatively very similar results. In the
default case, we use material parameters of a TiN/TaO,/TiN
stack, but with our comprehensive parameter study, the results
remain valid for other oxide and electrode materials. All our
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Figure 19. Profiles of oxygen vacancy concentration and temperature along the horizontal and vertical cut lines shown in Figure 18 at selected times ¢,
showing the evolution over time. The vertical dashed lines in subfigures (a,b) mark the top electrode radius. a) Vacancy concentration along a horizontal
cut line. b) Temperature along the same horizontal cut line. c) Vacancy concentration along a vertical cut line at r = 0. d) Temperature along the same

vertical cut line.
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Figure 20. Application of a current sweep as visualized in subfigure (c) consisting of two triangular current pulses with opposing polarities. a) I-V curves
for different activation enthalpies AH. Arrows indicate the path direction. b) Corresponding maximum temperatures. The peaks coincide with the current
pulses. c) Applied current signal over time.
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Figure 21. Extension of the current sweep described by Figure 20c up to 300 s by applying 0 mA for the remaining time. a) Dependence of the maximum
oxygen vacancy concentration on the activation enthalpy. b) Extension of subfigure (a) to a time range between 6 and 300, visualizing the retention
behavior.
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Figure 22. Verification that the temperatures near the bottom of the substrate as well as near the outer edge of the oxide remain reasonably close to the
ambient temperature of 293.15 K. Snapshots taken at t = 1s. a) Temperatures along a horizontal cut line as shown in Figure 18, but with the cut line
extending outward to r = 2 pm. b) Temperatures along a vertical cut line at r = O pm, starting 2 pm below the interface between substrate and bottom
electrode and ending at the upper edge of the top electrode. Here, z = 0pum corresponds to the interface between bottom electrode and oxide.
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studies show a SET if the applied voltage or current is high
enough, but no controlled RESET.
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