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Strategies to Control the Relaxation Kinetics of Ag-Based
Diffusive Memristors and Implications for Device Operation

Solomon Amsalu Chekol,* Stephan Menzel, Rainer Waser, and Susanne Hoffmann-Eifert*

Diffusive memristors based on volatile electrochemical metallization (v-ECM)
devices are of broad interest for applications in emerging memory technolo-
gies and neuromorphic computing areas due to their interesting features
such as thresholding, self-relaxation, and energy-efficient switching behav-
iors. Recently, the nonlinear threshold kinetics and the correlation of fila-
ment formation and growth with its relaxation behavior are uncovered from
a physical perspective. However, the complexity of the diffusive memristors
behavior might still hamper a straight transfer into emerging computing
applications. Facing this challenge means going beyond the single device
level and understanding the impact of other circuitry elements for further
optimization of device operation. In this work, the effect of a series resistor
on the switching dynamics of Ag/HfO,/Pt diffusive memristor devices by
deploying various programming schemes with different resistances is inves-

energy consumption caused by charging
and discharging of the load lines and limi-
tations in data transfer rate, often referred
to as the von-Neumann bottleneck.! To
overcome this, emerging novel architec-
tures are discussed such as neuromorphic
computing concepts that use memristive
devices to mimic certain functionalities
of the biological brain.*37] Memristive
devices enable voltage-controlled resist-
ance change under external stimuli,
and they are highly promising for use
in neuromorphic applications thanks to
their low power consumption,’® 3D inte-
gration capability,” and scalability.l%-1¢]
Among others, electrochemical metal-

tigated. Furthermore, all results and their implications on devices’ operation
are compressively discussed. These findings help to further advance the
optimization of the operating condition of diffusive memristors.

1. Introduction

The amount of data that is being created every day is growing
astronomically and is expected to keep increasing not only in
volume but also in complexity. Processing such big and com-
plex data efficiently requires new computing concepts. So far,
in traditional von-Neumann architecture, the computing unit
and the memory are physically separated, leading to high
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lization cells (ECMs) are an attractive
class of memristive devices. Particular
in nonvolatile ECMs the formation and
rupture of a metallic conductive filament
made of Ag or Cu inside an electrolyte
matrix is responsible for the switching
between a high-resistive state (HRS) and a low-resistive state
(LRS).-22 A wide range of electrolyte materials have been
used including pure ion conductors such as Ag,S" and Agl 13!
mixed ion-electron conductors (MIEC) such as Ge,Se.,,[2*%’]
and oxide insulators such as $i0,,*%1 TiO,/*8] and HfO,.*%
The stability of the conductive filament depends on various
factors such as the filament size and morphology, type of the
active species, the switching matrix, and other external factors
like temperature and bias voltage. Stable filaments can provide
a long retention time, up to 10 years,3%3! for the ECM cell,
meaning that the programmed state is nonvolatile. Such non-
volatility can be achieved by either engineering the material
stack, for example, using Cu as an active electrode, or by pro-
gramming the device electrically to a higher current level. While
the programming from HRS to LRS is triggered by applying
a certain SET voltage of Vgpp, a RESET voltage of Vigger with
the opposite polarity is required to erase the programmed state.
Such devices have been researched intensively for storage*?-34
and neuromorphic computing applications.>>8 On the other
hand, ECM cells with an unstable filament, i.e., a device with a
much shorter filament lifetime, are classified as volatile ECMs
(v-ECMs) or diffusive memristors (DMs), and the lifetime of
the filament is referred to as relaxation time.3%4

The switching behavior for the threshold-type SET of DMs
is similar to that of non-volatile ECMs. In contrast, DMs do not
require a RESET voltage as the filament is volatile and spon-
taneously self-ruptures if the voltage drops below the hold
voltage Vjq.3%* The driving force for the self-relaxation
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behavior can originate from surface energy minimization or
surface tension effects,?* thermo-diffusion,*! mechanical
stress,*! steric repulsion effect,”) or a combination of some,
depending on the nature of the filament and the surrounding
switching matrix.

DMs are very attractive for a variety of interesting appli-
cations including access devices for memristive crossbar
arrays,®% artificial neuron and synaptic emulators in neu-
romorphic computing, %4152 and true random number
generators (TRNGs) in network security.’3l All these applica-
tions leverage the thresholding and self-relaxation behavior,
highlighting the temporal behavior of such devices of great
importance. Recently, we reported on the correlation between
the SET process and relaxation behavior in DMs using an
Ag/HfO,/Pt system.’ By deploying different programming
schemes we showed the strong dependence of both SET (tg)
and relaxation times (f,) on programming pulse amplitude
(Vp) and duration (t,), discussed voltage-dependent filament
growth mechanisms, and outlined ways to tune tg, and t. It
turned out that successful utilization of DMs in complex cir-
cuits, whether for storage applications or in the emerging field
of neuromorphic computation, will depend on a predictive and
controllable threshold and relaxation behavior, especially for
DMs being integrated into a larger circuitry. For example, in
a one-selector one-resistor (1S1R) configuration the DM-based
access device is connected in series with the adjacent memory
cell.® The memory cell can be in HRS or different LRS states,
depending on the previously programmed state, thus, effec-
tively behaving as a series resistor (Ryeies) towards the DM cell.
It has been previously shown that Ry.;.s can greatly influence
the switching kinetics and performance of non-volatile memris-
tive devices.’>>"] Therefore, understanding the influence of a
series resistance on the switching kinetics of DMs is equiva-
lently important.

In this study, the effect of a series resistance Ry es 0n both
the SET and relaxation kinetics of Ag/HfO,/Pt DM devices is
presented. Different Ry.yes of 50 kQ, 100 kQ, 560 kQ, and 1 MQ
in combination with programming schemes of varied voltage
amplitude (V;) and pulse width (t,) were deployed to investi-
gate the influence of Ryes on the SET and relaxation times
of t, and ¢, respectively. Extracting both times from the same
transient curve allowed us to analyze and evaluate the effect of
Ryeries 0Nty and t, under the same programming condition.

2. Results and Discussion

2.1. Ag/HfO,-Based Filamentary Diffusive Memristor
Device and Characteristics

Figure 1a shows the stack and structure of the fabricated device.
All cells were structured in a microcrossbar-type configuration
with an area of (3.0 £ 0.2) um?. An about 3 nm thick HfO, insu-
lating layer grown by plasma-enhanced atomic layer deposi-
tion (PE-ALD) on a Pt bottom/counter electrode is used as the
electrolyte. A Pt-capped Ag top electrode served as the active
metal layer for cation supply. As shown in Figure 1b, the fab-
ricated DM cell exhibits a volatile switching characteristic for a
wide range of compliance currents (Icc) up to 1 mA with excel-
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lent features such as ultra-low leakage current, low threshold
voltage (Vy), large on/off ratio and an abrupt transition from
the HRS to the LRS. These properties together with the unique
self-relaxing behavior make this type of device a promising
energy-efficient solution for applications in storage memory
and neuromorphic computing areas. A one-time forming pro-
cess is initially required on the pristine device with a relatively
higher forming voltage (V) than the Vy,. During this process,
ionized Ag atoms (Ag") are introduced into the HfO, switching
matrix and form a conductive filament that bridges the two
electrodes electrically. Typical forming curves of the fabricated
devices can be found in Figure S1 (Supporting Information).
Once the forming process is performed the relaxation and ref-
ormation of the conductive filament are responsible for further
switching cycles, thus requiring a much smaller switching
voltage of Vy,. A statistical analysis of Vy, with data collected
from 10 random cells and 100 cycles each shows the reliable
switching of the fabricated devices (Figure 1c). Quasi-static [-V
curves of the device in series with different resistors Ryqyes Of
50 kQ, 100 kQ, 560 kQ, and 1 MQ are shown in Figure 1d.

A typical current response of the device under a voltage pulse
with amplitude V;, of 1.6 V and duration t, of 10 us is shown in
Figure 2a. The measurement setup used for all transient meas-
urements in this work is shown in Figure 2b. Upon the applica-
tion of the voltage pulse, the device current abruptly rises after
a certain time period of ty, marking the onset of the switching
from HRS to LRS (Figure 2c). When the programming is fin-
ished and the voltage is set to the read voltage V,e,q, the device
current spontaneously relaxes back to the HRS within a defi-
nite time period of t, (Figure 2a). Figure 2d presents a temporal
response of an Ag/HfO,/Pt device acquired using a 1.6 V/10 us
programming pulse and two different Ry ;es of 50 and 100 kQ.
As can be seen in the inset of Figure 2d, different relaxation
times are observed for different R values and this will be
discussed in detail in the subsequent sections.

2.2. SET Kinetics of a Diffusive Memristor in Series
with a Resistor

Fast programming times are among the top desires for efficient
and improved performance of emerging memristor-based tech-
nologies. In this regard, understanding the switching kinetics
and exploiting ways to control and/or improve the switching
times of DMs is vitally important. The dependence of t,; on the
programming scheme has previously been studied by different
research groups.?#®54585 Tt has been shown that t, expo-
nentially decays with V,. Considering the strong non-linearity
in the dependence of switching times on the programming
scheme, additionally, studying the effect of a series resistor on
the switching kinetics could be very crucial to expanding the
knowledge of such devices’ behavior beyond the individual cell
level and towards integration. In addition, compact models
could be validated based on these small circuits.

To that end, four different SMD (surface mounted device)
resistors with a value of 50, 100, 560 kQ, and 1 MQ were arranged
in series with the DM device to investigate the impact of Ryeies
on the ty. The SMD resistors (COMP-CARD-System, NOVA
Electronik GmbH) were introduced by inserting them into a
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Figure 1. a) Schematic representation of the fabricated crossbar structure of an Ag/HfO,/Pt device and a scanning electron microscopy photography
from the top. Scale bar 10 um. The voltage signal is applied to the Pt/Ag active electrode while the Pt counter electrode is grounded. b) Typical I-V
sweeps measured on the same device under various compliance currents (Icc), showing volatile switching up to 1T mA. ¢) Statistics of the threshold
voltage collected from 10 devices and 100 cycles each at a sweep rate of 0.2 V s, exhibiting uniform and reproducible switching. d) -V sweep measure-
ments performed on the same device with different series resistances. The inset shows the electrical connection during the measurement.

custom-built tungsten probe tip. The measurement setup used
to collect the temporal responses is depicted in Figure 2c. We
used a Keithley 4200 SCS Semiconductor Analyzer equipped
with four 4225 PMUs and an integrated oscilloscope card (cou-
pled with 50 Q) with a bandwidth of 1 GHz. The input signal is
applied to the Pt/Ag top electrode while the Pt counter electrode
is grounded. Programming pulses of varied V, and t, ranging
from 0.3 V to 2.2 V and 1 us to 1 s, respectively, were applied
to the cell. After the collection of data from different V;, and ¢,
combinations, the respective switching times ., were extracted
from the transient current response and plotted against V,, for
different values of Ry (Figure 3a—d). Here, ., is defined as
the interval between the V,, maximum edge and the onset of the
output current rise (Figure 2b). As expected, exponential decay
of ty with respect to Vj, is obtained for all Ryeries- At low volt-
ages, no change in the SET kinetics is observed for all Ryces.
However, at higher voltage (>1.0 V) splitting of the ., with dif-
ferent Rg.es can be observed. As the Ry value changes from
50 kQ to 1 MQ, the t, increases by almost two orders of magni-
tude, roughly from 30 ns to 1.3 us (Figure 3e).
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In general, a series resistor influences the switching perfor-
mance of memristive switches by acting as a voltage divider ele-
ment.”” This becomes relevant if the value of the series resistor
is not far away from the resistance of the memristive device.
However, considering the extremely high resistance of the DM
cell in the HRS (>TQ, Figure S3 of the Supporting Information)
compared to the largest Ry e used (1 MQ), we should not expect
any influence of Ryeies ON the te. This is true for V, < 0.9 V
but it fails for V}, > 1.0 V. Therefore, to understand the origin,
the t,, values at the saturation regions were plotted against
Rgeries (Figure 3f). Assuming the t, values in the flat region
(=2.1V) to represent an RC-time constant 7, the slope of a line-
arly fitted 7-Ryeries plot gives us the total parasitic capacitance C,
of the whole system using the simple equation 7= Ryeies - Cp-
From the data in Figure 3f a value of C, = (1.15 + 0.05) pF is
obtained. A typical memristive cell is basically a parallel plate
capacitor with a thin oxide (dielectric) material. Consid-
ering the extremely high resistance in the HRS, the DM cell
can, initially, act as an ideal capacitor (Figure S2 of the Sup-
porting Information). Additionally, the parasitic capacitance
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Figure 2. a) Typical transient pulse measurement of an Ag/HfO,/Pt device under a 1.6 V/ 10 us programming pulse followed by a 0.1 V/ 50 us read
pulse. A 50 ke series resistor Rgeres Was used to limit the maximum current. Gray color: applied voltage (V,pp); red color: output current signal (loy).-
b) Magnified image of the box with the green broken line in (a). The definitions of t and ¢, are shown in (b) and (a), respectively. c) The measurement
setup used to carry out all transient pulse measurements in this work. d) Transient measurement under different series resistance. The inset shows
the typical effect of a series resistor on the relaxation time. Gray color: applied voltage (V,p,); red and blue colors: output current signal (Ioy) for Reeries

of 50 and 100 kQ, respectively.

of the measurement setup should be taken into account.
Therefore, we performed a capacitance—voltage (C-V) meas-
urement on the DM cell at 100 kHz and found a capacitance
value of about 0.17 pF. This yields a mean dielectric permittivity
value of the amorphous HfO, layer of about 19, close to the
reported values between 18 and 25,/°°%3 and a reasonable equiv-
alent oxide thickness (EOT) of 0.6 nm for a 3 nm HfO, dielectric
layer.[1%4 The rest of the parasitic capacitance is attributed to
the measurement setup and all the electrical connections.

The observed limitation of the SET time is, thus, not due
to an intrinsic physical property of the switching device stack,
but by the charging time of the collective capacitance of the
DM and measurement setup environment. Depending on
the voltage regime, the SET event of the DM is controlled by
three different processes involved during the switching. These
are nucleation, electron transfer, and ion migration.>*>%
At low voltage regimes, nucleation dictates the switching pro-
cess and, ultimately, ¢, is determined by the nucleation time.
At medium voltage regimes, the process is limited by electron-
transfer reaction between the growing filament/metal elec-
trode and metal/oxide interfaces. With further increase of the
voltage, the ion migration also comes into play, in addition to
the electron-transfer process. This third regime is referred
to as a mixed electron-transfer- and ion-migration-limited
regime. These three limiting processes define the final shape of

Adv. Electron. Mater. 2022, 8, 2200549 2200549 (4 of 1)

the SET kinetics plot that provides t. on a logarithmic scale as
a function of Vi,

Figure 4 presents simulation results fitted to the experi-
mental data using a model implemented recently.>*>>%5 The
RC-time effect was introduced into the fitting by considering
a time constant defined by (Rgeies - 1.15 pF). As can be seen in
Figure 4a, the simulation nicely matches the experimental data.
Details of the analytical model and all the fitting parameters
used in the simulation can be found in the Supporting Infor-
mation. Here, it should be noted that the capacitance effect can
be mitigated and faster SET times can be achieved by reducing
the parasitic capacitances of the measurement setup and fur-
ther scaling the device area.%! This is shown with simulation
data as presented in Figure 4b. By assuming a C, of only 1 fF,
the effect of the Ryeies 01t becomes negligible, and fast SET
events with t., of a few nanoseconds could be achieved.

2.3. Relaxation Kinetics of a Diffusive Memristor
in Series with a Resistor

The relaxation process and the relaxation time, t, depend on
the size and shape of the conductive filament that was formed
during the SET process. A large and strong filament tends to
take a longer time to rupture and a thin and fragile filament,
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Figure 3. SET switching kinetics of Ag/HfO,/Pt DM cells in series with different resistors of a) 50 kQ, b) 100 kQ, c) 560 kQ, and d) 1 MQ.
The median values and median absolute deviations (MAD) of the experimental data are displayed using color-filled symbols and vertical lines, respectively.
20 measurements for every V,,/ t, combination were performed and transient curves with a successful switching event were further analyzed and used

for the plots. e) A plot of the median values of t. as a function of V, for

the four different series resistors. f) SET times t, taken from the red box

marked region in (e) plotted against Ry provide the parasitic capacitance C,..

on the other hand, ruptures rather fast. The filament formation
process comprises two steps: nucleation and growth. Initially,
at the early stage of filament formation, multiple filament
seeds can be formed owing to the randomness of the nuclea-
tion process. However, due to the strong field dependence of
the switching behavior, only a single “winning” filament fur-
ther evolves during the growth process and bridges the two
electrodes electrically. Consequently, the relaxation time will be
dominated by the strength of this filament. Furthermore, the
strength of the filament is determined by the programming
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condition during the SET process. Unlike the SET kinetics
where tg, is determined at the closing of the filament, t,
depends on the final size of the filament. That means, not only
V, controls t, but also t, since continued growth of a conductive
filament is possible throughout the entire pulse duration.*3>4
A resistor in series to the DM can act as a current limiter and
a voltage divider in the LRS, although the voltage divider effect
depends on the Ry and the resistance of the cell.’®’] There-
fore, investigating the effect of Ry s on the relaxation process
and establishing any relationship between the two is important
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Figure 4. a) Analytical simulation of the SET kinetics of a DM in series with a resistor of different value Ry,;.s when an RC-time constant of the circuit
is considered with C, =1.15 pF. b) Simulation data obtained with an assumed C, value of 1 fF, showing faster switching times and negligible differences
between the R s values. The median and median absolute deviation (MAD) of the experimental data are displayed using color-filled symbols and
vertical lines, respectively, and the simulation results are shown as solid lines.
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Figure 5. Relaxation kinetics plot of t, as a function of V,, with a fixed t, of 1 ms for different Rgees of a) 50 k€2, b) 100 kQ, c) 560 kQ, and d) 1 MQ.
The median and median absolute deviation (MAD) of the experimental data are displayed using color-filled symbols and vertical lines, respectively.

to further advance understanding and control of the relaxation
dynamics of DMs.

To examine this, the relaxation times were extracted and
analyzed from the same transient measurements used for the
SET kinetics study. The relaxation time is defined as the time
between where the voltage drops to the monitoring voltage
Viead (Vieaa = 0.1 V) and where the output response current
fully relaxes back to the initial state (Figure 2a). Data with a
successful switching event and current relaxation to the HRS
within the duration of the read pulse are considered for the
analysis of t. Plots of t. against V, for different £, of 1, 10,
100 ps, and 1 ms measured with Ry.es of 100 kQ are shown
in Figure S3a in the Supporting Information. As shown from
the median data in Figure S3b (Supporting Information), the
t, changes by more than two orders of magnitude when the V,
and t, change from 1.05 to 2.20 V and 1 us to 1 ms, respectively.

To further investigate the effect of Ry.;es On £, relaxation times
with different Ryeies Were extracted in the same way from the ¢,
of 1 ms. The results are presented in Figure 5. Three dependen-
cies can be identified from the graphs in Figure 5: i) t, strongly
decreases as the Ry increases, ii) t, increases as the voltage
V, increases, and iii) the slope in the log(t,)-V, plot changes
with varying Ry.es (Figure 6). In detail, (i), changing the Ryeyes
by a factor of 20, i.e., from 50 kQ to 1 MQ, results in a decrease
of t, by more than a decade at a given V,,. Values determined at
V, of 1.1V and 2.1V, give a decrease of t, roughly from 10 us
to 700 ns and from 70 us to 900 ns, respectively. In addition,
(i), a linear increase of log(t,) with increasing V;, can be clearly
observed for all four graphs. This is quite surprising consid-
ering that relaxation time is mainly determined by filament size
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and instability. According to the physical mechanisms contrib-
uting to the filament growth®** the expected dependency is a
decrease in t, with increasing V,,. At low voltages where nuclea-
tion dominates the process, the growth is homogenous and a
bulky filament is expected. However, with increasing voltage
approaching the regimes controlled by electron-transfer and
mixed (electron-transfer and ion-migration), the filament shape
changes from relatively bulky to thick dendritic type, and finally
tiny wire-like, respectively. In other words, as the V,, increases,
the filament size keeps getting smaller. As a result, the relaxa-
tion process should become faster as V, increases.

On the contrary, as shown in Figure 5, t, increases as the
voltage increases, while the incremental rate additionally
depends on Ry es. Supporting the experimental findings, pre-
vious reports on the relaxation behavior of DMs have claimed
similar trends of rising relaxation time with increasing
voltage.*¢7-61 The explanation for this apparent contradic-
tion between the experimental data and the prediction from
physics-based simulation can be traced back to the influence
of the series resistance and residual voltage drop. In Figure 5,
the relaxation times were extracted after the application of a
defined voltage pulse of V,, and a fixed t, (see Figure 2a). But
this means that after the closure of the filament the device in
LRS keeps being exposed to a fraction of the applied voltage
for the remaining pulse time, (t, — ti). Once the filament is
formed, any prolongation of the t, due to a further filament
growth is an effect of not only the V, but also the t,. This
should not come as a surprise considering the strong depend-
ence of t, on t, (Figure S3 in the Supporting Information). The
residual voltage drop &V, is a function of the resistance of the
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Figure 6. a) Median t, for different Ry.es plotted against V,. Median absolute deviation (MAD) is represented using vertical lines. b) Slopes extracted

from (a) and plotted as a function of Ryeies-

device in LRS and the Ry;es. Furthermore, iii) Figure 6a shows
more clearly the declining slope in the log(t,)-V,, dependence
observed for increasing Ry Quantitative data are provided
in Figure 6b. From this study, it becomes obvious that the
relaxation time of a DM device depends on the SET program-
ming conditions, V, and ¢, (in relation to the SET kinetics),
and the series resistance R in line with the DM. The role
of Ryeries On the dependency of t, from the programming
pulse V, for a given t, will be discussed in detail in the next
section.

2.4. Filament Growth and the Effect of Residual Voltage Drop

The filament growth mechanism and, ultimately, final filament
size determine the relaxation duration of the DM cells.’¥ This
means the relaxation time is a reflection of the strength of the
filament that was formed during the programming stage. This
strength can be expressed in terms of the resistance of the
cell. The cell resistance after programming mainly depends on
the programming voltage amplitude and duration. The Rges
reduces the voltage drop across the DM cell, Vy,,, during the
SET process eventually to a certain minimum voltage Vi, at

which the driving force for resistance reduction of the DM cell
becomes zero.>>%% The V., is connected to the kinetics of the
device and can be traced from the asymptotic line of the SET
kinetics curve at low voltage, i.e., equivalent to the Vy, of the
DM from sweep measurement (Figure 1b,c). Below Vi, (in
this case = 0.10-0.15 V) the device does not switch regardless of
the measurement time. However, for Vy,, > V,,;,, the resistance
of the DM cell Ry, will keep reducing until Vg, reaches V.
The output current, I, during the SET process for a given t,
and V, can be expressed by Kirchhoff’s current law:

V., V,

IOU = L = L 1
' Rtotal Rseries + Rdm ( )
Rearranging Equation 1 yields an expression for the cell

resistance Rgy, as a function of Vj,, Iy, and Reeries

VP
Rdm =l T _Rseries (2)

out

In Figure 7a, the total resistance Ry, in the LRS is plotted
as a function of the Ry ;. The cell resistance Ry, calculated by
using Equation 2 and plotted against the programming voltage
V, for pulse duration t, of 1 ms is presented in Figure 7b. From

0.4
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Figure 7. a) Total resistance calculated from the output current I, of the transient curve in the LRS and V,, plotted as a function of Ry es. The inset
displays a schematic representation of the voltage divider effect between the DM and the series resistor. b) Device resistance Ry, and c) voltage
drop across the device Vg, calculated using Equations 2 and 3 plotted as a function of V,, for different Ry values. The lines in (c) are a guide

to the eye.
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the result, two trends can be observed: i) Ry, decreases with
V, establishing an inverse relationship, and ii) Ry, increases
as the value of the Ry, increases. Furthermore, the voltage
across the cell Vg, at a given £, can be calculated from:

Vim (tp)z(RL)'Vp 3)

series T Rdm

Here it should be noted that both Ry, and Vj,, of the cell also
depend on the pulse duration ¢, (Figure S4 in the Supporting
Information). However, for simplicity data with a fixed ¢, of
1 ms is further analyzed. A plot of the calculated Vg, as a func-
tion of V,, for different values of Ry, is depicted in Figure 7c.
From the plot, the value of Vq,, appears to change with Ryces.
As mentioned before, the residual voltage drop across the cell
after SET further contributes to reducing the resistance of the
device, thus increasing the size of the filament, throughout the
pulse duration. The magnitude of the device resistance change
depends on the amount of the residual voltage drop Vyy,. This
in part explains the second point raised in Section 2.3 regarding
the different slopes for different Rgeyies values in the log(t,)-V,
plot (Figure 6).

From Figure 6a, the relaxation time depends on V;, with rela-
tively pronounced slopes for Ry.es 0f 50 and 100 kQ. On the
other hand, the slopes for the Rys of 560 kQ and 1 MQ are
almost flat, displaying less dependence on V,. Hence a ques-
tion arises: what are the reasons for this huge difference in the
slopes between the two relatively small (50 kQ and 100 k) and
big (560 kQ and 1 MQ) series resistances? To address this, one
should start to argue with the electrical conduction mechanism
in the two cases. The conduction mechanism in DM cells can
be achieved either in galvanic contact with a full closing of the
filament between the two electrodes, or in tunnel-gap type,
where the current dominantly originates from electron tun-
neling between the filament tip and the opposing electrode.?370]
From the calculated cell resistances in Figure 7b, it can be
observed that DMs programmed with Ryes of 560 kQ and
1 MQ are gap-type (Rgm >> 1/Gy, Gy = 775 uS = (12.9 kQ)™),"
indicating that a full filament closing was not achieved. Note
that for large series resistances, the voltage divider effect occurs
much earlier as the cell resistance approaches the value of the
Ryeries quite early and most of the applied voltage drops on the
Ryeries, Teducing the cell voltage Vg, close to Vi;,. As a result,
no pronounced filament growth is expected after SET regard-
less of the pulse amplitude and duration. Hence, the filament
ruptures quickly and the relaxation becomes fast and almost
independent on V.

On the other hand, the conductance of the DM with R.iee
of 50 and 100 kQ is above the quantum point conductance of
1 Gy (Figure 7b), manifesting a full filament closing and galvanic
contact-type electrical conduction. It has been previously shown
that once the filament is closed and all the internal physical bar-
riers are overcome, a very small residual voltage of a fraction of
V, is sufficient to maintain further growth of the filament.*
This explains the longer relaxation time of the DM connected to
a 50 kQ and 100 kQ series resistor. However, while the voltage
drop across the cell within the same Ry i almost constant
for all voltages (Figure 7c), the magnitude and changing rate
(slope) of the relaxation time are different for different V,, and
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the two series resistances, respectively. This is originated from
the high nonlinearity of the SET kinetics where the filament
closing time t,; decreases exponentially with voltage as is
indicated by the steep slope in the log(ts)—V plot of Figure 4.
A small increase in V, significantly reduced t, thus, for a
given pulse duration of t, the shorter the ty (the higher the V)
the longer is the excess pulse duration after the closing of the
filament. In other words, for the same t,, the size of the filament
formed at different voltages not only depends on the magnitude
of the V, (electric field strength) but also on the excess pulse
time, (t,~ts) for a given V;. This especially holds for already
closed filaments. However, the influence of this excess pulse
duration is determined by the amount of residual voltage drop
Viam. The Vg, for the Rgejes 0f 100 kQ (=0.18-0.21 V) is smaller
than that of 50 kQ (=0.23-0.27 V), therefore, the influence of
Vim on the filament growth is slightly more pronounced in the
latter case. Accordingly, the device with Ryees 0f 50 kQ exhibits
a higher t, with a steeper slope compared to the device with
Ryeries 0f 100 kQ.

Therefore, considering the effect of t, and Vg, the true
relationship between t, and V,, can be determined if the t, is
extracted and analyzed at the onset of the SET switching. The
minimum pulse width for a successful SET event at a given
voltage can be determined by tracing the SET kinetics curve
(Figure 8a). When pulse durations of £, up to t,; that are close
to the SET kinetics curve across different voltages are chosen
for the device programming, the experimentally obtained
relaxation time ¢, decreases with increasing Vp, as shown in
Figure 8b. This confirms the inverse relationship between t,
and V,, as predicted from a physics-based simulation. However,
as shown in Figure 6a, the DM cell with the largest Ryees Of
1 MQ, where the influence of Vg, is the lowest, does not reflect
the inverse relationship. Note that the t, in this case is 1 ms,
which is orders of magnitude longer than the switching time g,
of a few tens of ns to us at high voltage regimes. That means,
although the influence of Vy,, on further growth of the filament
is almost negligible, it cannot be completely ignored (as long as
Viam > Vimin holds), especially if extremely longer than necessary
pulses (t, >> ty) are used.

2.5. Implications of the Series Resistor Effect
in Device Operation

Despite the attractive energy efficiency, self-relaxation, and
thresholding behavior of DMs, the scalability and controllability
of the switching times remain a difficult task. Depending on
the final target application, sometimes fast relaxation, other
times the tunability of ¢, becomes more relevant. To achieve
fast relaxation it is important to avoid unnecessary excess pulse
time (t, >> ty) to prevent further growth after filament closure.
There are two ways to do this. First is the implementation of a
short pulse that is just long enough to trigger filament closing.
As shown in Figure 8, short relaxation times can be achieved in
a DM cell if the device is programmed under full consideration
of its intrinsic SET kinetics. However, implementing such a
programming scheme requires a continuous adaption of t, for
different V,, due to the high non-linearity of the SET kinetics
curve. A technically more easy solution toward DM circuits
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Figure 8. a) SET kinetics data and the selection of different pulse durations ¢, that follows the SET kinetics curve. b) A plot of t, against V,, for different
pulse durations defined in (a), displaying the exponential decay of t, with V,, when short pulses that are long enough to close the filament are used.
The solid line in (b) is a guide to the eye and does not represent any physical fitting.

with fast relaxation times is the usage of a proper Ry es. Thus,
unwanted residual voltage drop that might cause uncontrolled
filament growth can be diverted to the resistor. This effectively
avoids the need to modify ¢, every time V, changes, while still
enabling fast relaxation.

The implementation of DMs as a selector in a crossbar
array is only feasible if both the SET and relaxation times are
short, as fast random access of memory cells within the array
is required. Especially, a fast relaxation is essential to effectively
prevent current from passing through the unselected cells
during operation. However, the existing tradeoff between tg
and t, with respect to V,, and t,°* makes it difficult to achieve
this goal. Furthermore, as it is revealed in this work, the
dependence of t, on the value of Ry ., makes things even more
complicated since adjacent memory cells in a crossbar array
could be in LRS, HRS, or in between. Therefore, to make use
of DMs as a selector device in a crossbar array, novel concepts
and programming techniques such as distributed program-
ming, two-step read scheme,? or leveraging the timing of the
threshold switching device as shown in Figure 8 and/or sug-
gested in ref. [50] should be adopted.

For neuromorphic applications such as artificial neurons
and eligibility trace, however, fast relaxation time is not a nec-
essary prerequisite, rather, the tunability of the relaxation time
is more importantly relevant. For example, in a spiking neural
network (SNN),/374 where DMs can potentially be used as an
integrate-and-fire (I&F) neuron,*>U the neuronal element is
expected to continuously fire with the application of a voltage
pulse train. One major challenge is that the DM should relax
back to the initial state in the time between the voltage pulses
to be ready for the next I&F process.”7¢l Therefore, the gap
between the voltage pulses should be longer than the t, of the
DM to guarantee full relaxation. As a result of this, the t, of the
DM cell dictates the maximum firing rate. Thus exploiting ways
to control the t, without affecting the t,—recalling the tradeoff
between t, and t,—is an important step forward in optimizing
such devices for neuromorphic computing applications. In
this regard, our findings provide a clue on the possibility of
using an internal or external series resistor as a means to tune
the relaxation time of DMs for applications such as artificial
neurons and eligibility trace.
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3. Conclusion

In this study, a systematic investigation of the influence of a
series resistor on the switching kinetics of Ag/HfO,/Pt-based
diffusive memristor cells is presented. On the one hand,
we find no effect of series resistance on the SET kinetics as
compared to the stand-alone diffusive memristor. The experi-
mentally observed differences in SET time at higher voltages
are mainly due to a capacitive charging time of the complete
measurement setup rather than a device property. The limiting
processes of the SET kinetics are determined using the analyt-
ical approximation of the physics-based device simulation. On
the other hand, the relaxation time appears to be significantly
affected by the series resistor. It is shown that the depend-
ence of relaxation time on the pulse voltage amplitude can be
strongly influenced by the magnitude of the series resistor.
Two main reasons responsible for this are: i) the high nonlin-
earity of the SET-kinetics and ii) the contribution of a residual
voltage drop over the device in LRS to the further growth and
strengthening of the conductive filament. Furthermore, we dis-
cussed the implications of these findings on device operation
and exploited ways to tune the relaxation behavior. The under-
standing of the influence of a series resistance on the switching
kinetics of diffusive memristors can contribute to further opti-
mizing the operating condition of diffusive memristors and
widen the view of their use as energy-efficient switches in neu-
romorphic computing.

4. Experimental Section

Fabrication of the Diffusive Memristor Device: The micro-crossbar
devices were fabricated on SiO,/Si with a 430 nm thermally oxidized
SiO,. First, a Ti adhesion layer (5 nm) followed by a Pt (30 nm) bottom
electrode was sputtered on the SiO,/Si substrate. Then, Pt/Ti bottom
electrode was lithographically patterned and structured by reactive
ion beam etching (RIBE). A homogeneous 3 nm thin HfO, insulating
film with low defect concentration was grown as a switching layer in
a plasma-enhanced atomic layer deposition (PE-ALD) process from
tetrakis (ethymethylamino)hafnium (TEMA-Hf) and oxygen plasma
at 250 °C.”778 Following the switching layer deposition, devices
with an area of (3.0 £ 0.2) um? were patterned by photolithography.
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Subsequently, crossbar structures were obtained by sputter deposition
of an Ag (20 nm) active layer and a Pt (20 nm) capping layer, serving as
a top electrode contact, accompanied by a conventional lift-off process.
Finally, bottom electrode contacts are opened using photolithography
and RIBE.

Device ~ Measurement — and  Characterization: ~ All  electrical
characterizations were carried out in a probe station. The voltage
sweep electrical measurements were performed by using an Agilent
B1500A semiconductor device parameter analyzer equipped with a
high-resolution source and measurement units. Transient voltage
pulse experiments were carried out by using a Keithley 4200A SCS
Semiconductor Characterization System equipped with four 4225
PMUs and an integrated oscilloscope card with a bandwidth of 1 GHz.
During all measurements, the bottom Pt-electrode was grounded while
the voltage pulse signal was applied to the Pt/Ag top electrode. The
applied voltage is measured on channel 1 of the oscilloscope (internal
impedance 50 Q) and the output current can be calculated from the
post DUT (Pt counter electrode) signal measured on channel 2 (internal
impedance 50 Q). A custom-built tungsten probe tip was used to
introduce the SMD (surface mounted device) resistors used in this
work.
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