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Enhancing the switching speed of oxide-
based memristive devices at a low volt-
age level is crucial for their use as non-
volatile memory and their integration into
emerging computing paradigms such as
neuromorphic computing. In this work, a
Resistive Switching Acceleration x1000 acceleration of the SET speed, or
Induced by Thermal Confinement up to 30% reduction of the operating volt-
age in filamentary valence change mecha-
nism (VCM) memristors is demonstrated
by thermally confining the Joule heating
generated during the switching process.
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Resistive Switching Acceleration Induced by Thermal

Confinement

Alexandros Sarantopoulos,*
and Regina Dittmann

Enhancing the switching speed of oxide-based memristive devices at a low
voltage level is crucial for their use as non-volatile memory and their integration
into emerging computing paradigms such as neuromorphic computing.
Efforts to accelerate the switching speed often result in an energy trade-off,
leading to an increase in the minimum working voltage. In this study, an
innovative solution is presented: the introduction of a low thermal conductivity
layer placed within the active electrode, which impedes the dissipation of heat
generated during the switching process. The result is a notable acceleration in
the switching speed of the memristive model system SrTiO; by a remarkable
factor of 10%, while preserving the integrity of the switching layer and the
interfaces with the electrodes, rendering it adaptable to various filamentary
memristive systems. The incorporation of HfO, or TaO, as heat-blocking
layers not only streamlines the fabrication process but also ensures
compatibility with complementary metal-oxide-semiconductor technology.

1. Introduction

Memristive devices based on the valence change mechanism
(VCM) have exhibited substantial potential not only in the do-
main of digital emerging memories but also in analog neuromor-
phic and in-memory computing applications.'"1% Considering
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these applications, many endeavors have
been directed toward enhancing the per-
formance of memristive devices, with a
particular focus on increasing the switch-
ing speed and minimizing the switch-
ing voltages.

Numerous studies have delved into the
physical mechanisms behind the switch-
ing speed of memristive devices. These
investigations have successfully show-
cased impressive switching speeds, of-
ten reaching the nano- and picosecond
range.[!'15] Specifically, the interplay of
both field and temperature acceleration
results in a markedly non-linear rela-
tionship between switching speed and
switching voltage.['®! The increase in
switching speed is at the expense of the
voltage; for one of the fastest filamentary
resistive switching systems (Ta,O,-based
memristive device), a switching voltage of > 2 V is required to
switch the device with a 10 ns pulse, while switching the device
with picosecond pulses, the necessary voltage is above 9 V.4l
Hence, developing strategies to boost switching speed at a des-
ignated low switching voltage is imperative. This not only aids
in minimizing power consumption but also aligns with the volt-
age requirements of highly scaled complementary metal-oxide-
semiconductor (CMOS) transistors, essential for the CMOS co-
integration of memristors.

Commonly, the most relevant parameters affecting the switch-
ing speed are besides the energy barrier for oxygen motion within
the switching layer, the filament size and the oxygen exchange
at the interface to the oxidizable electrode.['-?°] In addition, for
eightwise resistive switching devices, the oxygen exchange re-
action with the Pt top electrode is often the rate determining
step of the switching process, dictating the switching speed of
the device.!"2*] The filament size is to some extent an inher-
ent property of the switching material, although external factors
(e.g., the current compliance) significantly influence the filament
dimensions.[?* Smaller filaments cause a stronger confinement
of the current, amplifying Joule heating and consequently con-
tributing to an increased switching speed.[16:19-26-28]

Joule heating generated in the course of the switching pro-
cess, increases the diffusion of oxygen vacancies in filamentary
ReRAM devices, which leads to a substantial acceleration of the
switching speed.'%27:2931] In order to minimize the heat losses
through the thermally conductive metal electrode, the use of an
electrode material with low thermal conductivity might enable
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further switching speed acceleration. Although it is common
and well accepted that thermal management is crucial for phase
change materials,[32%] for valence change memory devices this
strategy has not been exploited so far, in terms of switching speed
and operation voltages.

In attempts to take advantage of a thermal enhancement layer,
the introduction of low thermal conductivity layers at the ox-
ide/metal interface resulted in a larger window between the high
resistive state and the low resistive state (ON/OFF ratio) and in
improved multilevel switching.[2640-] Nonetheless, a compre-
hensive physical explanation elucidating the influence of the ther-
mal enhancement layer on device performance was absent. More-
over, directly interfacing the thermal enhancement layer with the
memristive material, will significantly influence interface reac-
tions, resulting in changes of the oxygen vacancy concentration
and the oxygen exchange reaction with the electrodes. Therefore,
modifying the switching layer and interfaces to improve switch-
ing speed may have a negative impact on other relevant proper-
ties, such as resistance range and programmed state retention.[??!

In this work, the devices are based on SrTiO; (STO), due to
its very well known defect chemistry, ion diffusion mechanisms,
and its wide use as a model system in VCM resistive switching,
both in experiments and modeling.[1620-244] Although a rel-
atively slow switching systeml!16222829] compared to others, the
gradual switching nature of STO-based ReRAM devices makes
the system appealing to try and accelerate its switching speed.
The larger filament size, combined with an increased series re-
sistance introduced by the Nb:STO ohmic electrode, results in the
prevention of a thermal runway, giving rise to the gradual nature
of the switching behavior of STO-based ReRAM devices.[?! On
the other hand, the exact same reasons are the ones responsible
for its slower switching speed. It is also important to highlight
that the STO-based devices studied here exhibit eightwise resis-
tive switching,[?*] which is inherently different from the counter-
eightwise switching observed in the faster VCM systems, such as
HfO, and TaO,.

It is important to note that modifying the materials and ge-
ometry of the device can have a detrimental effect on the over-
all performance. In particular, the interplay between thermal and
electrical conductivity is crucial to our approach, as the two prop-
erties are closely intertwined. Ideally, a material with high elec-
trical conductivity and very low thermal conductivity would be
able to act as a thermal barrier layer without sacrificing electri-
cal conductivity, thus providing resistive switching acceleration
and a reduction in operating voltages. Since it is difficult to have
both properties in CMOS-compatible materials as an electrode
replacement, the combination of materials, dimensions and over-
all implementation must be such that the trade-off between ther-
mal acceleration and increased resistance has a positive sign and
the overall result is beneficial to device performance.

In this context, we present a novel approach for thermal man-
agement of VCM devices, which provides a solution for this trade-
off. By incorporating a heat blocking layer (HfO, or TaO,) posi-
tioned within the active electrode of our STO model system VCM
devices, we have been able to achieve a remarkable acceleration
in switching speed, reaching up to 10° times faster in terms of
time. In addition, this approach enables an approximate 30% re-
duction in the switching voltage required to sustain the switching
speed. This not only improves the energy efficiency of ReRAM
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cells, but also positions them well for integration with low-voltage
transistor technology. The choice of HfO, or TaO,, as heat barrier
materials facilitates the implementation of our approach due to
the wide availability of the materials and the simplicity of their
fabrication process.

2. Results and Discussion

Our first approach to the thermal engineering of our de-
vices is by introducing a heat-blocking layer of TaO, inside
the Pt active electrode in a stack sequence of Nb:STO/STO(15
nm)/Pt(10nm)/TaO, (30nm)/Pt(20nm) (Figure 1a). TaO, is a
widely used material for resistive switching, whose electrical and
thermal conductivity can be tuned by its oxygen stoichiometry,*’!
which allows us to explore the trade-off between low thermal
conductivity (efficient heat-blocking) and low electrical conduc-
tivity (increased series resistance in the active electrode). We em-
ployed two different oxygen stoichiometries: TaO, , and TaO,,
with electrical conductivities of 1.4 x 10* and 3.75 X 10° S m™,
respectively (see Table 1; Figure S1, Supporting Information).

Due to the gradual switching nature of STO-based memris-
tive devices, there is no clear forming and switching step dur-
ing the -V sweeps. For that reason, we define forming and DC-
switching voltage as the necessary voltage to reach the selected
current compliance (CC), while SET voltage will refer to the volt-
age pulse that invokes a change of the resistance of the devices
Ryrs/Rirs =10. The reference STO/Pt and STO/Pt/Ta0, /Pt de-
vices exhibit eightwise switching typical for STO-based ReRAM
devices (Figure 1b).22*50 During forming and DC-switching
the CC was kept at 10 mA and the devices present very stable
behavior after multiple cycles. The forming and DC-switching
voltage is similar between the reference STO/Pt and the TaO,
devices, however, the devices with the TaO, , interlayer exhibit
increased values (see Figure S3, Supporting Information) due to
the voltage drop at the STO, caused by the reduced electrical con-
ductivity of the TaO, , layer.

To probe the effect of TaO, on the heat dissipation across the
metal electrode, we have measured the thermal conductivity us-
ing frequency domain thermoreflectance (FDTR).’'*2 The re-
sults of the thermal boundary resistance (TBR) across the Ptinter-
face with the STO are presented in Figure 1c. For the fittings, the
TaO, interlayer was treated as thermal interface between Pt and
STO. We have investigated TaO,, films with different thickness,
to improve the accuracy of the thermal analysis (for more details
see Table 1; Figures S4-S7, Supporting Information). The refer-
ence sample of STO/Pt presents the lowest TBR =4.83 + 11%
m?K GW!, while the TBR increases linearly with the thickness
of the TaO,, barrier, and it is higher for TaO, , compared to the
more electrically conductive TaO, ;. The thermal conductivity of
TaO, can be estimated from the linear fit of the plot in Figure 1c
and the thickness of the oxide layer, resulting in k7, , = 1.2 and
Kpa0,, = 5-9 W m™ K'. The obtained values are very similar to
previous reports of TaO, thin films, supporting our analysis.[*’]

The effect of the thermal barrier in the SET speed of the sam-
ples is summarized in Figure 1d. The SET speed for the reference
sample of STO/Pt is in good agreement with previous studies,
namely, we observe a strongly non-linear decrease of the required
SET pulse length with the SET voltage height.'®?2] Regarding the
STO/Pt/TaO, /Pt devices, the two different oxygen concentrations
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Figure 1. TaO, heat-blocking interlayer. a) Device layout sketch showing the TaO, layer placed inside the Pt active electrode. b) I-V sweeps for the devices
of the different samples, the reference STO/Pt stack (gray) and the devices with the TaO, interlayers of different oxygen content. c) Thermal boundary
resistance values for different thicknesses of the TaO, interlayers, in the two different oxygen concentrations. The dashed gray lines are the linear fit used
to extract the thermal conductivity (slope) and the thermal resistance (intercept) of the thin films. d) SET speed measurements for the reference sample

STO/Pt and the devices with TaO, interlayers.

of the oxygen-deficient tantalum oxide exhibit very different be-
havior: the TaO, , interlayer has a slower SET speed than the ref-
erence STO/Pt sample, for the whole range of voltages used in
the measurements. On the other hand, TaO, ; devices exhibit ac-
celerated SET speed for the whole range of voltages compared to
the reference sample STO/Pt. The difference is at least one order
of magnitude in terms of pulse length, or a voltage reduction of
~ 15% at given pulse lengths.

In our second approach to thermal engineering our de-
vices, ultra-thin layers of electrically insulating HfO, were
placed inside the Pt active electrode, as depicted in Figure 2a.
The stack sequence is Nb:STO/STO(15 nm)/Pt(10nm)/HfO, (1-
3nm)/Pt(20nm). HfO, exhibits a very low thermal conductivity,

Table 1. Electrical and thermal properties.

Sample s [SmT] K [WmT KT TBR [m? K GW"]
STO/Pt 6.2 x 10° 44.5 4.8
TaO,, 1.4x 10* 1.2 26.1
TaOg 6 3.75 % 10° 5.9 10.2
HfO, (1 nm) - 0.53 18.8
HfO, (2 nm) - 0.53 20.5
HfO, (3 nm) - 0.53 22.1

Adv. Electron. Mater. 2024, 2400555 2400555 (3 of 8)

making this a promising candidate as a heat-blocking barrier.
Since the HfO, interlayers are electrically insulating, their thick-
ness has been kept sufficiently small to avoid an increased series
resistance inside the Pt electrode and make sure that the HfO, in-
terlayer does not contribute to resistive switching. To confirm this
point, additional control samples of Pt/HfO,/Pt were prepared
and measured in the same range of voltage and current as the
original devices, showing no signs of distinguishable HRS and
LRS (see Figure S2, Supporting Information). The I-V sweeps in
Figure 2b present eightwise resistive switching mode. The refer-
ence STO/Pt and 1 nm HfO, interlayer devices exhibit similar
forming and DC-switching voltage, however the devices with 2
and 3 nm HfO, exhibit increased forming voltage and slightly
higher DC-switching voltage (see Figure S3, Supporting Informa-
tion) due to the increased series resistance of the thicker HfO, in-
terlayers.

For the analysis of the heat-blocking efficiency of the HfO,
interlayers, we measured the thermal resistances with FDTR.
As discussed before, to improve the accuracy of the analysis,
we treated the Pt/HfO,/Pt as a single thermal resistance be-
tween the metal transducer and the STO film, in our fittings (for
more details see Table 1; Figures S4-S7, Supporting Informa-
tion). The results of the TBR of these interfaces are presented
in Figure 2c. Introducing just 1 nm thick interlayer of HfO,
increases the TBR substantially (18.8 + 10% m?K GW!) with
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Figure 2. HfO, heat blocking interlayer. a) Device layout sketch with the insertion of the HfO, interlayer inside the Pt active electrode. b) I-V sweeps
for the devices of the different thickness HfO, interlayers inside the Pt active electrode. c) Thermal boundary resistance values for different thicknesses
of the HfO, interlayers ranging from 1to 4 nm thickness. The dashed gray line is the linear fit used to extract the thermal conductivity (slope) and the
thermal resistance (intercept) of the thin films. d) SET speed measurements for the reference sample STO/Pt and the three different thicknesses of the

HfO, interlayers.

respect to STO/Pt in the reference sample (4.83 +11% m?K

W-1). The TBR increases linearly with the thickness of HfO,,
reaching 24.2 + 11% m?K GW~! for the 4 nm interlayer. Using the
values for the thermal boundary resistance and the thickness ex-
trapolation approach,>3=°! we estimated a thermal conductivity
of the HfO, layer k = 0.54 + 10% W m™ K™}, in very good agree-
ment with the literature.[>>>¢]

The results for the SET speed measurements are plotted in
Figure 2d: the devices with 1 nm-thick HfO, barrier exhibit a sim-
ilar speed as the control sample, slightly slower at lower voltages
and slightly faster at higher voltages. Increasing the thickness of
the HfO, interlayer produces a significant improvement, even at
lower voltages. With increasing pulse height, the difference be-
tween reference and HfO, interlayer devices becomes more pro-
nounced. The results show an acceleration of the SET process for
a given pulse length, of x10%, reducing the SET time from 100 ps
to 100 ns in the range of 2.3-3.2 V. Also, the results may be de-
scribed from an energy efficiency point of view, noting that the
same pulse length reduces the required voltage pulse by ~ 20%
at the lower voltages, and up to ~ 30% at higher voltages.

In order to quantify the effect of the HfO, barrier on the dissi-
pation of heat across the Pt layer we simulated by finite element
method (FEM) simulations, using the device structure shown in
Figure S8 (Supporting Information). This structure is based on
the device layout sketched in Figure 2a. The only exterior elec-
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trical as well as thermal contacts are located at the outer edge of
the Au layer and at the bottom of the Nb:STO layer. In Table S2
(Supporting Information), the material parameters used for sim-
ulation are listed. Taking as input the experimental data from the
I-V sweeps, we were able to calculate the maximum tempera-
ture reached at the filament vicinity for all samples, depicted in
Figure 3a. The 2 nm HfO, interlayer sample exhibits a longer sus-
tained temperature due to the slightly higher voltage that needed
to be applied in order to reach the CC for the I-V sweep, com-
pared to the other devices (see Figure 2b). Moreover, the heat-
ing efficiency of each sample has been calculated and plotted in
Figure 3b. An overview of the local maxima for the temperature
within the STO layer is presented in Figure 3c—f as 2D tempera-
ture profiles. The arrows indicate the position of the HfO, inter-
layers within the Pt electrode.

Figure 3c—f shows 2D temperature profiles for the reference
STO/Pt device and the three HfO, interlayer thicknesses, at t =
0.1 s when the overall highest temperatures are observed. The
calculated temperature at the filament region within the STO
layer increases with the HfO, interlayer insertion compared to
the reference device, further increasing for the thicker inter-
layers. At the position of the interlayer (marked with arrows in
Figure 3) the temperature exhibits an abrupt decrease at the
upper part of the interlayer, highlighting the increased thermal
resistance of the HfO, within the platinum electrode. For thicker
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Figure 3. Calculations of local temperature. a) Maximum temperature reached for each sample calculated by the currents of the I-V sweeps as input, as a
function of time. b) Heating efficiency of each sample based on the necessary Joule heating needed to reach the maximum temperature for each sample.
2D temperature profiles at t = 0.1 s for the reference STO/Pt configuration without interlayer c) and the configurations with HfO, interlayer thicknesses
ofd) 1, e) 2, and f) 3 nm, respectively. A vertical boundary line in the STO layer marks the outer edge of the filament. The additional horizontal line in the
Pt layer reflects the two-step platinum evaporation, in order to ensure that the observed behavior is due to the insertion of the interlayers. The arrows

indicate the position of the interlayers inside the Pt electrode.

interlayer, the temperature difference at the two sides of the
interlayer becomes larger. As a consequence of the heat-blocking
effect of the HfO, interlayer, the temperature at the filament
region can be up to ~500 K higher for the thicker interlayers
compared to the reference STO/Pt devices. Here we must note
that the temperature calculations are very sensitive to the choice
of the filament dimensions. We have chosen the filament radius
as e = 200 nm, based on previous reports on STO-based
ReRAM devices.’**7] The results on the local temperatures and
the heating efficiency for other filament diameters are presented
in Figure S9 (Supporting Information).

All the samples studied in this work exhibit similar I-V char-
acteristics as have been reported in the literature for crystalline
STO devices.I?#950] Here it is important to remember that the
slightly increased DC-switching voltage for the devices with the
heat-blocking layers refer to the voltages required to reach the 10
mA of CC during the [-V sweeps (Figures 1b and 2b), and not to
the voltage pulses required to SET the devices with an ON/OFF
> 10 presented in Figures 1d and 2d. The forming voltage for al-
most all devices with embedded interlayers, except for the case
of the high electrically conductive TaO, ; (see Figure S3, Support-
ing Information) are slightly increased compared to the reference
STO/Pt devices. This is due to the increased series resistance in-
troduced by the interlayer, which leads to a voltage drop across the
device, resulting at a lower voltage that is actually applied at the
STO/Pt interface. Nevertheless, the DC-switching voltage is in
the similar range for all the devices (see Figure S3, Supporting In-
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formation). In addition, all devices with different configurations
of heat-blocking layers have exhibited similar behavior to the ref-
erence STO/Pt devices when subjected to endurance measure-
ments for 10.000 cycles (Figure S10, Supporting Information).
However, despite completing the endurance cycling exhibiting
good reliability, the devices with enhanced thermal confinement
exhibit a slight increase in the cycle-to-cycle variability, compared
to the reference STO/Pt devices.

Although the dissipation of heat through the Nb:STO substrate
is also important, the active role of the STO/Pt interface, with oxy-
gen being stored/released in Pt during the SET/RESET process,
makes the local temperature at this interface particularly relevant
for the speed of this process. Moreover, the lower thermal conduc-
tivity of the Nb:STO substrate (x = 8.7 + 10% W m™ K!) com-
pared to the Ptelectrode (k = 44.5 + 10% W m~! K™!) ensures that
the heat dissipation through the Pt is much larger, making it our
point of focus for the thermal confinement approach. It has been
reported in the literaturel®®>°! that in crossbar arrays of CMOS
compatible filamentary ReRAM devices the heat is mainly trans-
ported via the electrode, highlighting the need for a strategy to
block the heat in this main dissipation path. The FDTR measure-
ments have confirmed the heat blocking efficiency of the TaO,,
and HfO, interlayers, compared to the Pt electrode, reducing
the heat dissipation along this channel, which in turn increases
the local temperature and increases the mobility of oxygen va-
cancies during the SET process.[264243.6061] The increased local
temperature is also confirmed by the calculated temperatures in
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Figure 3a,c—f, where the temperature increase is ~#150 K for the
1 nm-thick HfO, interlayer and ~500 K for the 2 and 3 nm-thick
interlayers. The accelerated ionic movement is confirmed by the
results of the SET speed presented in Figures 1d and 2d, where
the SET speed is increased when the heat confinement effect is
larger. Moreover, the samples with thicker HfO, interlayers ex-
hibit a higher heating efficiency (see Figure 3b), meaning that in
order to reach the same temperature, less Joule heating is needed
for the samples with thicker HfO, interlayers. This directly trans-
lates to reduced current levels in order to achieve the same tem-
peratures, thus improving the energy efficiency of the devices.

On the other hand, the electrical resistance between the two Pt
electrodes in the Pt/HfO, /Pt samples is = 50, 60, and 75 Q, for
1, 2, and 3 nm of HfO,, respectively (see Figure S2, Supporting
Information). The electrical conduction through the HfO, lay-
ers is most likely due to lower density and possible local inho-
mogeneities of the sputtered HfO, in this thickness range that
prevents complete electrical insulation between the two Pt lay-
ers. Considering the CC of 10 mA at higher voltages, the esti-
mated voltage drop would correspond to 0.5, 0.6, and 0.75 V, re-
spectively. This small increment in electrical resistance is over-
compensated by the much larger increase in TBR, which goes
from 18.8 to 20.5 m>K GW, along this series. Thus, this anal-
ysis suggests that the positive effect of ionic acceleration due to
a higher local temperature, compensates the negative impact on
the electrical conductivity of the Pt active electrode after inserting
the heat-blocking layer. This trade-off between ionic acceleration
and increased series resistance is clearly visible in the results of
the SET speed of the HfO, interlayer samples, compared to the
reference STO/Pt devices (Figure 2d). The ionic acceleration for
the 1 nm-thick HfO, interlayer is compensated by the increase
in series resistance inside the Pt electrode. However, the positive
effect of the thermally accelerated ionic motion is highlighted for
the devices of the 2 and 3 nm-thick HfO, interlayer, achieving
faster SET times up to 3 orders of magnitude compered to the
devices of the STO/Pt reference sample.

In the case of the TaO, samples, we observe a similar behav-
ior, with the TBR increasing linearly with increasing thickness.
The different slopes in the linear increase of the TBR for the two
different oxygen concentrations of the TaO, samples reflect the
different thermal conductivity values obtained earlier. The TBR
value for the more oxygen-deficient TaO, , is closer to the TBR
value for the reference STO/Pt interface, due to its high electrical
conductivity and different stoichiometry compared to its less oxy-
gen deficient TaO, ,. In the latter case, the TBR values are much
higher, closer to the values obtained for the HfO, interlayers. This
effect is also reflected in the results of the SET speed depicted
in Figure 1d, where the more electrically and thermally resistive
TaO, , interlayer devices exhibit slower SET speeds for the whole
range of voltages and times. On the other hand, the more electri-
cally (and thermally) conductive TaO, , interlayer devices show a
constant acceleration of the SET speed of up to one order of mag-
nitude in terms of time, compared to the STO/Pt devices. Here,
it is important to point out that the TBR values of the TaO, in-
terlayers are becoming comparable to the HfO, interlayer TBR
values, when the thickness of TaO, is above 20 nm for the case of
the less oxygen-deficient TaO, , and always lower for the case of
TaO,, even at 40 nm. The trade-off between thermal and electri-
cal conductivity should be carefully taken into consideration and
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the thickness and stoichiometry of the heat-blocking interlayers
should be optimized accordingly.

Our results have confirmed the hypothesis that blocking the
heat dissipation at the active metal electrode of a filamentary
VCM device can increase the local temperature at the filament
region, resulting in accelerated SET process. In more industrially
relevant and widely implemented CMOS-compatible systems,
such as HfO, or TaO,, speed might not be the primary goal, since
both systems have exhibited record breaking speeds. However, by
implementing our strategy of blocking the heat in its main dis-
sipation path, one could operate the devices at the same speed
while applying lower voltage pulses, resulting in a more energy-
efficient device operation.

In conclusion, introducing the heat-blocking interlayers has
been successful with respect to the acceleration of the switch-
ing speed of the STO-based ReRAM devices, achieving up to 103
faster times. However, the switching speed is not the only crucial
parameter in the device operation, where the operating voltage
for the devices dictate the energy consumption of the device array
in potential computing architectures. We have shown that by im-
plementing the thermal confinement approach, the devices can
be operated at the same switching speeds, but at ~ 30% lower
voltages. This reduction in energy cost can be even more appre-
ciated when the energy consumption of the overall number of
devices and operations are taken into account. This opens a win-
dow toward more efficient device operation with a strategy that is
CMOS compatible, making our approach easily implemented in
established processes of ReRAM device fabrication.

3. Experimental Section

Sample and Device Fabrication: The STO thin films were fabricated by
pulsed laser deposition (PLD), grow epitaxially on Nb-doped (0.5%wt)
STO substrates, at 800°C and 0.1 mbar O, pressure, at 5 Hz. The
growth process was monitored by reflection high-energy electron diffrac-
tion (RHEED) and the observation of oscillations confirmed the layer-by-
layer growth. The STO films were intentionally grown as Sr-rich, which
according to previous works, enhances the retention performance of the
devices,[®%] but can also lead to slower SET speed.[??] The surface mor-
phology was examined by atomic force microscopy (AFM) images and the
crystalline quality by X-ray diffraction (XRD) measurements.

Once the STO thin films were structurally characterized, 10 nm of Pt
were thermally evaporated to form the Schottky barrier with the STO thin
film. To minimize the sample-to-sample variability on the performance of
the devices, the same 10 x 10 mm STO thin film was used to prepare the
different samples, by cutting it into four different pieces. The pieces were
separated after the evaporation of the Pt top electrode, to ensure that the
STO/Pt interface meets the quality standards and is undisturbed by pos-
sible side-effects during the cutting of the sample. In continuation, three
samples underwent the HfO, interlayer sputtering deposition of 1, 2 and
3 nm thickness while one was kept as a reference sample. The TaO, in-
terlayers were sputtered using a Ta target with background atmosphere
of Ar mixed with 1% O, gas, at different pressures. The amorphous TaO,
and HfO, heat-blocking layers were sputtered at room temperature, under
tailored, and fully oxidizing conditions, respectively. In the next step, an ad-
ditional 20 nm of Pt was evaporated on all samples, so any different perfor-
mance of the devices were attributed to the presence and thickness of the
interlayers, when compared to the reference sample. The stoichiometry of
the HfO, was confirmed by X-ray photoemission spectroscopy (XPS) in
situ after sputtering, while the stoichiometry for the TaO, interlayers was
determined based on previous work by T. Heisig et al., from which the
sputtering parameters where adapted.[*3]
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The patterning of the devices was performed by optical lithography in
three different steps. First, the device area (8 X 6 um) was patterned and
then the rest of the Pt/Interlayer/Pt was etched away, together with the 15
nm of STO underneath. In the next step, the contact area of the subsequent
top leads was defined and the rest of uncovered area was sputtered with
~ 45 nm of HfO, to electrically insulate the bottom electrode (Nb:STO
substrate) from the subsequently thermally evaporated top leads. As a last
step, the top leads were patterned and thermally evaporated, 10 nm of Pt
and 60 nm of Au. For the samples with the reduced tantalum oxide as a
thermal barrier, the same procedure was followed. In order to avoid any
further oxidation of the TaO, thermal barriers, an additional 10 nm of Pt
were sputtered in situ. The rest of the lithography process was similar, as
described before.

The devices were formed with a positive voltage applied to the top elec-
trode, while the bottom electrode (Nb:STO substrate) was grounded. After
the forming step, the devices were switched multiple times, using voltages
of +2.5 and —4.0 V for the SET and RESET process respectively. The form-
ing and SET process were limited by a 10 mA current compliance.

Frequency Domain Thermoreflectance (FDTR): The thermal conduc-
tivity of the different layers and their thermal boundary conduction
were measured with the frequency domain thermoreflectance (FDTR)
technique.[>52] This is a non-contact pump-probe optical technique
based on the dependence of the reflectance of a metal transducer with
its local temperature. In this technique, a sinusoidally modulated continu-
ous wave (cw) pump laser (A =488 nm, f=0.5 — 5 MHz) is directed on the
sample surface, coated with a metallic transducer layer (Au: 40-60 nm),
and produces a modulation of the surface temperature. The change of the
thermoreflectance of the Au is monitored by the probe cw laser. The effec-
tive thermal conductivity k& and the thermal boundary resistance (TBR)
between the different layers is calculated by the phase lag between the
pump and the probe signals.

To extract the thermal conductivity k¥ and the thermal boundary resis-
tance (TBR) from the FDTR phase-shit curves, a model was fitted with
them wherein total energy conservation and energy transfer between layers
are imposed by a transfer matrix, as explained elsewhere.[>'] More details
of the technique and results on the thermal conductivity of thin films can
be found in [3362]. To reduce the number of fitting parameters, the thermal
conductivity was first measured of the Nb:STO substrate (k = 8.7 + 10%
W m K) and subsequently of the STO thin film (x = 5.4 + 10% W m~' K~1).
The thermal conductivity of the Au and Pt layers were determined by mea-
suring the electrical conductivity and using Wiedemann—Franz's law (/o
= LT), and then were further adjusted for optimal fitting of the data.

Electrical characterization & Kinetics measurements: The electrical char-
acterization of the devices for the I-V sweeps were performed on a probe
station where the top electrodes were contacted via tungsten whisker nee-
dle and the Nb:STO substrate (bottom electrode) was contacted through
aluminum wire-bonding. As a current source, a Keithley 2611A Source
Meter was used. The typical voltage step was 30 mV s™' with a waiting
time of 5 ms between each step. The voltage was increased from 0 to
+3 V for the electroforming of the devices, followed by a sweep from 0
to -4V, to reset the devices to their high resistive state. Subsequent -V
sweeps were repeated from 0 to +2.5 to —4 V and back to 0 V in order
to cycle the devices and ensure their stable behavior. The resistive state
of the devices were determined by -V sweeps from 0.3 to + 0.3 V, and
using a linear fit of the slope. The current compliance was set at 10 mA
for all devices. The pulsed measurements were performed at a different
probe station using tungsten whisker needles, as described before, and as
a power source, a Keithley 4200, using a custom software written in a LUA
environment.

The SET speed of the devices were measured according to the follow-
ing protocol: the device was reset to a high resistive state (HRS) by ap-
plying pulses of defined length (time) and progressively increasing height
(voltage), until a defined value was reached (600 MQ +20%). The value
of the device resistance was measured with a read-out (RO) pulse with
height of 0.3V and 60ms length, before and after every reset pulse. Once
the defined HRS was reached, the SET pulses begin, starting with the low-
est height (1.5V) and applying pulses with increasing length of one or-
der of magnitude (here it started with 20 ns instead of 10 ns due to the
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equipment limitation). As in the RESET process, before and after each SET
pulse, the resistance was read-out at 0.3V. If one of the pulses bring the
device resistance to a value lower than the defined HRS, the RESET pro-
cess started again, preparing the device for the next SET pulse. When a
SET pulse achieved a successful SET event, the rest of the pulse lengths
for the same voltage were skipped and the process continues with for the
next pulse height in the sequence. Here, a successful SET is defined as a

R
event when -HES > 10,
Rigrs
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