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Abstract

Computation-in-memory using memristive devices is a promising approach to overcome the
performance limitations of conventional computing architectures introduced by the von Neumann
bottleneck which are also known as memory wall and power wall. It has been shown that
accelerators based on memristive devices can deliver higher energy efficiencies and data
throughputs when compared with conventional architectures. In the vast multitude of memristive
devices, bipolar resistive switches based on the valence change mechanism (VCM) are particularly
interesting due to their low power operation, non-volatility, high integration density and their
CMOS compatibility. While a wide range of possible applications is considered, many of them such
as artificial neural networks heavily rely on vector-matrix-multiplications (VMMs) as a
mathematical operation. These VMMs are made up of large numbers of multiplication and
accumulation (MAC) operations. The MAC operation can be realised using memristive devices in
an analog fashion using Ohm’s law and Kirchhoft’s law. However, VCM devices exhibit a range of
non-idealities, affecting the VMM performance, which in turn impacts the overall accuracy of the
application. Those non-idealities can be classified into time-independent (programming
variability) and time-dependent (read disturb and read noise). Additionally, peripheral circuits
such as analog to digital converters can introduce errors during the digitalization. In this work, we
experimentally and theoretically investigate the impact of device- and circuit-level effects on the
VMM in a VCM crossbars. Our analysis shows that the variability of the low resistive state plays a
key role and that reading in the RESET direction should be favored to reading in the SET direction.

1. Introduction

The need for new computing architectures to handle growing amounts of data in an energy-efficient manner
has spurred efforts in utilizing novel memristive devices such as bipolar resistive switching devices based on the
valence change mechanism (VCM) in these architectures [1-4]. VCM devices can be switched in a non-volatile
manner between at least one high resistive state (HRS) and one low resistive state (LRS). The transition towards
a lower resistive state is called SET while the opposite operation of increasing the resistance is called RESET.
These devices are most often structured in a grid like manner in crossbar arrays. This structure allows for a
direct mapping of certain mathematical operations such as multiplication and accumulation operations on the
hardware [5—8]. More complex operations such as vector-matrix-multiplications (VMM) and matrix—matrix-
multiplications can be built up from these basic operations. Neuromorphic algorithms such as deep neural
networks heavily rely on VMM. However, vector and matrix operations are also relevant outside of the context
of neural networks as they are widely used in benchmarks like the linear algebra kernel GEMM [9].

© 2022 The Author(s). Published by IOP Publishing Ltd
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Previous works on the system-level have already demonstrated benefits of using these types of devices,
showing energy improvements on the scale of a factor 1000 and latency improvements of a factor ~60 [10—12].
However, these system-level analyses often assume idealised deterministic devices or only consider a completely
stochastic undirected variability. As we will show in this work for VCM devices, the different device-level and
circuit-level error sources are not completely stochastic but rather depend on the history of each device, the
applied voltage or the interplay between device and circuit. This means that certain established error correction
techniques will need to be adapted or new techniques will need to be developed to consistently reduce the error
rates.

In this work, we study the VMM accuracy under the impact of programming variability, read disturb and
read noise of the memristive devices. As the nomenclature of these device-level effects is not always clear, we
provide here a short definition of our understanding of what these terms mean. A more detailed explanation of
the physical mechanisms is provided in section 4. Programming variability describes the fact that programming
both in the SET and RESET direction always shows a cycle-to-cycle (c2¢) and device-to-device (d2d) spread in
the resulting LRS and HRS states [13—15]. Read disturb describes the fact that over multiple readouts of a VCM
device its resistance might drift from its initial value or even completely switch to the opposite state [16—18].
Read noise describes the fact that when reading out a VCM device the read-out current is not constant but will
show random jumps whose height depends on the resistance value [19-22]. This noise is often referred to as
random telegraph noise (RTN) [23-25]. To prevent confusion with the definition of RTN in other types of
devices [26], however, we will refer to it as read noise. It has also been called program instability as it adversely
affects write-verify algorithms [27].

Since all these variabilities have underlying physical mechanisms that arise from the devices themselves,
it seems reasonable to also use device models that can capture these effects while simulating circuits based
on VCM devices. VMMs using VCM cells are fundamentally analog operations, due to the resistive nature
of the VCM cells, peripheral circuitry such as digital to analog converters (DACs) and analog to digital con-
verters (ADCs) are required to co-integrate the crossbar arrays together with digital CMOS. This means that
these peripheral elements can introduce additional errors during the VMM. Hence, in this work, while mainly
focussing on the experimental and simulative description of device-level effects affecting the VMM, we will also
consider the impact of the ADC using circuit-level simulations of the 1 transistor 1 resistor (1T1R) crossbar
array together with DAC and ADC peripheral circuits.

Most analyses so far have focused on the impact of programming variability, read disturb and read noise
on the performance of neural networks [21, 28]. In [29], the impact of different non-idealities such as line
parasitics, read disturb, and read noise on the IMPLY logic was studied. Here, we focus on VMM as a math-
ematical operation since in neural networks it is not necessary to have a perfect accuracy or even a relatively
good one to achieve convergence of the neural network. This means that the impact of non-idealities will not
be as clear as when VMMs are treated as a purely mathematical operation.

In this work, using a multidisciplinary effort ranging from device-level experiments to circuit-level eval-
uation, we provide a comprehensive overview and understanding of relevant failure mechanisms and their
individual effects on VMM. We have done an analysis of all three failure mechanisms by distinguishing them
based on their impact on the VMM. They are classified as time-independent (programming variability) and
as time-dependent (read disturb and read noise). The workloads that we are considering consist of a very large
number of read operations per write operation (e.g. inference operations in artificial neural networks) or even
writing the devices once and then never again. Therefore, the temporal variabilities read disturb and read noise
become much more important than in use cases where read and write accesses are more balanced.

The remainder of the work is organized as follows, section 2 explains the experimental procedure explaining
the device fabrication and measurement setups for single device and array characterization. Section 3 intro-
duces the simulation setup introducing the device model and VMM architecture and section 4 deals with
the device level error sources. Section 5 discusses error sources introduced by the peripheral circuitry and
section 6 demonstrates the experimental results for the array-level characterization. Section 7 shows the simu-
lation results of doing the VMM on the circuit-level and section 8 details the reliability challenges on this level.
Section 9 concludes the paper.

2. Experimental procedure

In order to characterize these reliability aspects experimentally, we fabricated VCM ReRAM cells with a
30 nm Pt/5 nm ZrO,/20 nm Ta/30 nm Pt stack. The ZrO, switching layer is deposited on a high work function
(WF) or ‘blocking’ Pt bottom electrode (BE) via reactive RF sputtering. A low WF ‘ohmic’ Ta top electrode
and an additional 30 nm Pt layer to prevent oxidation are deposited also by sputtering and are structured via
a lift-off photolithography step. The Pt/ZrO, interface is then the electronically active electrode (AE) which
means that it is the main originator of the resistance change, while the ZrO,/Ta/Pt layers form the ohmic
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Figure 1. (a) Schematic of the experimental setup. (b) Device stack. (c) Microscopy of probes and sample.

electrode (OE). As illustrated in figures 1(a) and (c), the cells are arranged in a 32 wordlines by 1 bitline array
structure comprised by 7 ym X 7 pm crossbar structures. The underlying Pt BE covers the whole substrate
surface, but makes contact to the device only through an etched SiO; layer deposited on top via electron beam
evaporation, as indicated in figure 1(b). This results in a comparatively low and homogenous series resistance
along the array. Using a dedicated (wedge) probe card, all 32 cells within one line array are contacted. An addi-
tional probe connects the BE to the measurement system, which is a custom-built array tester based on the
pcontroller module platform by aixACCT Systems. In all presented experiments, the Pt BE is set to GND and
the bias is applied to the Ta top electrode. For comparison with our simulation models, however, all voltages
in this paper are given with reference to 0 V at the ohmic Ta electrode resulting in negative forming and SET
voltages and positive RESET voltages.

The experimental procedures comprise single cell as well as array mode operations. In both cases, an initial
electroforming step is required. Here, a ramped voltage stress with a rise time of 2.5 ms towards a maxi-
mum voltage Vrorm is applied. According to a write-verify scheme, the cell resistances are measured after
each electroforming attempt, by using a read pulse (20 us at 0.2 V). The operation is repeated with |Vogrum]|
increased by 0.1 V until all cells are formed successfully or the maximum number of iterations is reached.
Within this algorithm, Vrorm ranges between —1.8 V and —4 V. For the programming of single cells, a write-
verify algorithm with 20 us long square pulses ranging from 0.5 V to 2.5 V is used for the RESET procedure,
while a negative polarity is used for SET.

For the array-level investigations, eight-bit words are considered, as using these all relevant multi-cell
effects can be studied with a reasonable level of experimental effort. First, the desired pattern of logical ‘I’s
and ‘0’s is stored, by applying the programming algorithm iteratively to all cells. The nominal LRS value
(representing ‘1’) was 3 k{2, the nominal HRS value (representing ‘0’) was 30 k€2. Then, an eight-bit input
vector is fed in by applying voltage pulses of Vrgap or a high ohmic connection, corresponding to ‘1’ and ‘0’
bit values, to all wordlines simultaneously. To enable the characterization of noise, relatively long pulses (~2s)
are used. The measured bitline current represents the computation result. This procedure is repeated without
re-programming for all 256 possible input vectors in section 6.1, as the focus is on showing all possible dot
product results for a certain programmed pattern. In section 6.2, a worst-case input vector was used to study
the impact of read disturb in more detail.

3. Simulation procedure

3.1. Device model

As a VCM device model, we used the physics-based compact model JART VCM v1b [30], which is written in
Verilog-A. The compact model abstracts the device stack by splitting the ZrO, layer into a well conducting
plug region and a disc region that modulates the cell resistance [31, 32]. The AE is described as a Schottky
diode, while the OE is modelled through a series resistor. Another feature is the read noise extension [33] that
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Table 1. Compact model parameters.

Ader = Trge” = 2.83 x 107> m? Tgee = 30 nm
Ndisc,min,dcl =0.01 x 10*m™? Ndisc,max,dcl =150 x 10* m?
lyee = 0.8 nm leet = 5nm

loug = 4.2 nm a=0.25 nm

RTiOx =50 AWA =0.85eV

vy =1 x 10° Hz fy=4x 107°m? V1s!
Runoser =1 % 10° KW™! Renoreser = 8 X 10* KW™!
ePp, 0 = 0.52 eV e, =0.1eV

Rinjine = 90471.47 KW} Ry=500Q

Qine = 3.92 x 107% 1/K m* =9.11 x 107 kg
e=1.6x10""C To =293K
A*=6.01 x 10> Am~2 K2 Zo =2

kg =138 x 1072 JK! €0 =28.854 x 1072 As Vm™!
Epp = 5.5 X &g e=17 X g
h=6.626 x 107**Js Npiyg = 150 x 10% m >

P

Variability parameters

Symbol Minimum/median/maximum
Naiseminyar (10°° m ™) 0.005/0.01/0.02
Ndisc,max,var (1026 m73) 120/150/180
Fear (nM) 15/30/50
lyar (nm) 0.2/0.8/1.2
Value
Relative standard deviation 1
c2c percentage 30%
Maximum step size 5%

models read noise by random jumps of single oxygen vacancies to and from the disc. The parameters used
in this simulation are shown in table 1. While read noise is an effect that can only be observed in simulation
if the corresponding model extension is used, read disturb is already a feature of the (basic) deterministic
model. In the case of the deterministic model, read disturb would be deterministic as well, meaning that all
devices would behave the same way during every evaluation cycle. The model parameters were adapted to
describe the behavior observed in the different experiments better. For the simulations in section 4.2.3, we used
Ripo =4 x 10 KW~!and AW, = 1.25 eV to achieve a better agreement between experiment and simulation.
For section 4.2.4, AW, = 1 eV was chosen for the same reason.

3.2. VMM architecture

The ADC used in this work was proposed in [34]. It was designed with the aim of being small enough to
fit in the column pitch of the 1T1R array. This would allow for providing one ADC per column, enabling
an extremely parallel calculation of VMMs. A further focus of the design was that it should be tolerant to
resistance variability. In [34] it was shown that it can tolerate programming variability of up to 30%. It is based
on a voltage controlled oscillator (VCO), whose oscillation frequency depends on the data stored in the part
of the crossbar that is read out. This is achieved by connecting the output of the 1TIR crossbar (bitline) to
the supply voltage node of the VCO (Vppyco). Additionally, a diode connected NMOS transistor to ground is
introduced at the common node of the crossbar and the ADC. The number of pulses that is generated by the
VCO during a fixed evaluation time ([0, tgvar]) is then counted using a JK flip-flop based synchronous counter.
To improve the counter the output signal of the VCO (V) is amplified to V,mp which can be counted easier
as it always oscillates between 0 V and 1 V instead of oscillating between 0 V and Vppvco. The schematic of
the proposed circuit architecture is shown in figure 2. The row drivers are connected to the transistor gates
(wordlines) and the column drivers are connected to the transistor contacts (sourcelines). The bulk contacts
of the transistors are connected to ground. When considering the impact of device-level non-idealities, the
circuits involved in the analog computing, i.e. row and column drivers, 1T1R crossbar and ADC are the most
relevant. The used parameters to assess the effect of device non-idealities on the VMM are Vpp vco, the number
of pulses generated during the evaluation time and the digital output of the counter (Qp ... Q,). We have
introduced a few modifications over the original ADC design to improve the tolerance to variability, which
however slightly increase the energy consumption and the area of the circuit. First, a signal restoration buffer
stage was introduced at the output of the VCO to improve the signal shape and amplitude of the oscillating
signal V(. The buffered signal V,m, is then fed into a synchronous counter, which is clocked by V,p,, instead
of an asynchronous counter. The reason for using a synchronous counter is that it gives us a larger time window
in which the output of the counter is valid. Further details on the design choices will be given in section 5. As
the original design was simulated in a 28 nm technology by TSMC and the new design was simulated using
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Figure2. (a) Shows a schematic level overview of the proposed analog VMM architecture. The architecture consists of three
parts, the digital select circuitry and output (green area), the analog 1T1R crossbar array (orange area) and the ADC circuit (blue
area). (b) Shows the supply voltage of the ring oscillator, (c) shows the output signal of the VCO, (d) shows the amplified signal,
(e)—(j) show the digital output of the counter from Q, to Qs.

Table 2. ADC and crossbar parameters.

ADC parameter Value  Crossbar parameter ~ Value
# of stages in ring oscillator 7 LRS 1.6 k2
Vs 1V HRS 300 k€2
VW]_ 1.5V WITIR 250 nm
FEVAL 5.1ns Lirir 32 nm

the 32 nm PTM [35] technology, a resizing of the circuit components was necessary. Table 2 shows the most
important simulation parameters related to the ADC and the 1T1R crossbar.

4. Device-level error sources

Here, we show an analysis of all three failure mechanisms on a device-level. We distinguish them based on their
impact on the VMM, where they are classified as time-independent (programming variability) and as time-
dependent (read disturb and read noise). The time-dependant sources of variation can be grouped further
by their influence on the device state. Since the random jumps in current due to read noise are equally likely
to increase or decrease it, there is no tendency for a change in the average current level. On the other hand,
read disturb is driven by an applied voltage, and therefore leads to a directional trend in the resistance levels.
Depending on the polarity of the applied voltage (SET or RESET direction), and whether the affected cell is in
the HRS or LRS, four cases can be distinguished which will all be investigated in section 4.2. For filamentary
VCM cells, the change of the resistance is mainly connected with the movement of oxygen vacancies into or
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out of the disc region, inside a metal-oxide filament. This movement is inherently stochastic between different
devices as well as between multiple cycles on the same device.

4.1. Programming variability

One aspect of the programming variability is the stochasticity of the SET and RESET kinetics. It has been
shown that one significant contributor for programming variability lies in the occurrence of multiple fila-
ments in VCM cells [36]. While only one of those is the main contributor to the device resistance, this main
filament can be a different one during multiple switching cycles. Each filament can have different radii as well
as different oxygen vacancy concentrations. The variability model is also based on this assumption of varying
filament geometries [30]. From device to device and from cycle-to-cycle, it is observed that the time required
for successful switching at a given voltage can vary over orders of magnitude [37]. Furthermore, the initial
resistive state has been shown to affect the switching kinetics [32]. In a previous study, a comprehensive model
of this effect on array-level [30] was presented. Apart from the variability of the switching kinetics, the resis-
tance state right after programming can vary over a broad range [38]. However, this programming variability
can be addressed by program-verify algorithms as described in the experimental section.

4.2. Read disturb

During the read operation, a comparatively low voltage is applied to the device, which should ideally not affect
the programmed state. Read disturb describes unintended changes of the resistive states during readout. In
bipolar switching devices, both voltage polarities have to be considered. Reading in SET polarity might cause a
resistance decrease in both LRS and HRS cells, whereas reading in RESET polarity might increase the resistance
of a device in both the LRS or the HRS. This is because the mobile oxygen vacancies, whose concentration in
the disc region determines the cell resistance, are two times positively charged and they will move into different
directions depending on the voltage polarity. These effects are studied through experiment and simulation as
discussed in the following subsections.

4.2.1. Reading a device in the HRS in the SET direction

In order to characterize the read disturb in SET direction experimentally, one line array (32 cells) was electro-
formed and each cell was switched 50 times. Then, the cells were programmed into an HRS resistance range
of 15 k{2 to 25 k(2. Subsequently, each cell was read by a voltage pulse with 20 k samples and a sampling rate
of 0.8 MHz. In order to resolve the read disturb over seven orders of magnitude, the sampling rate was then
reduced to 0.8 kHz and the read pulse was repeated five times. After that, all cells were programmed back into
the HRS (15 kS to 25 k€2) and the experiment was repeated several times to generate significant statistics.
Using typical read voltages of —0.2 V to —0.35 V, only minor effects could be resolved within reasonable mea-
surement times (10 s). To gain an estimation about the long term stability against read disturb, we repeated
the experiment at elevated voltages (—0.5 V to —0.8 V). The resulting experimental resistance distributions are
depicted in figure 3(a), (c), (e) and (g). It can be seen that the initial distribution broadens significantly over
time. Furthermore, a tail of cells that flipped to the LRS evolves where the number of flipped cells increases over
time. As expected, the effect is accelerated with increasing read voltage. Using the compact model to repeat the
experiment under the same conditions (resistance range, applied voltages and pulse duration), a much larger
statistic can be generated as shown in figure 3(b), (d), (f), (h). As in the experiment, the simulation also shows
a broadening over time. There is first a broadening of the distribution due to read noise and with increasing
time the read disturb leads to cells switching into the LRS.

From the data in figure 3(a), (¢), (¢) and (g), the SET time was extracted as the time when the cell resistance
drops below 7 k2. As in this case the SET is unintended and appears at low voltages, we classify it as a read
disturb in SET direction. The cumulative distribution of the extracted SET times is shown for the different
read voltages in figure 4(a). Here, the distributions for —0.5 V and —0.6 V are observed to follow log-normal
statistics. The left border of the distributions is slightly bended due to the limited resolution at short times
(<1.25 us). As expected, higher voltages shift the distributions towards shorter disturb times and closer to the
resolution limit. By applying log-normal fits to the distributions, a trend for different voltages and percentiles
could be extracted, which is depicted in figure 4(b). The disturb time exponentially increases with decreasing
read voltage. Using this observation, an estimation of the disturb behaviour at a typical read voltage of —0.2 V
can be made by extrapolation. The dotted, horizontal lines indicate reading times of 1 year (black) or 10 years
(gray). This suggests that a typical cell (¢ = 0) is stable for 10 years at up to —0.35 V and the worst out of
1000 cells (o0 = —3) is similarly stable if the voltage is limited to -0.1 V. Please note, that this only accounts for
cells in an HRS resistance range of 15 k{2 to 25 k2. We would expect a higher stability starting from a higher
resistance as it has been previously shown that a higher initial resistance state leads to a larger delay in the SET
process [32].
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Figure 4. Read disturb phenomena in the SET direction. (a) CDF of the set time for different voltages. (b) Extracted SET time for
different percentiles versus read voltage. An empirical, linear fit with respect to the logarithmic time axis is used in order to
predict the behavior at lower voltages as those are more relevant for the VMM but are not easily accessible for the experiment.

4.2.2. Reading a device in LRS in RESET direction

Regarding the opposite direction, the read disturb behaviour is measured analogously. The cells are initially
programmed into a range of 1 k(2 to 3 k(). Subsequently, elevated read voltages (0.5 V to 0.8 V) are applied
in RESET direction. The resulting resistance distributions are shown in figure 5(a), (c), (e) and (g) for the
experiment and figure 5(b), (d), (f) and (h) for the simulation. It can be seen that no flipped bits occur within
the tested read duration of 10 s. In the RESET direction, the disturb behaviour is rather characterized by a

broadening and continuous drift of resistance distributions towards higher resistances.

However, at 0.5 V all cells remained under 5 k{2 within 10 s. Even at 0.8 V, the worst cell only degraded to

8.5 k(2. This means that the shift occurs rather in the range of LRS resistances.

4.2.3. Reading a device in LRS in SET direction

The state of a device in the LRS could be read with a voltage in SET polarity. This might lead to a further
reduction in its resistance. To test this, a number of cells programmed to a 3 k{2 LRS were stressed with a series
of read pulses of 2 s length each. Different amplitudes of the pulses were evaluated. For each voltage, the average
of ten measurements is shown in figure 6(a). The values are presented as a percentage of the initial value for

clarity. Error bars indicate the amount of variation between the measurements.
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Figure 6. Experimental (a) and simulated (b) impact of reading devices in the LRS state in the SET direction at different voltages
and experimental (c) and simulated (d) results for reading a device in the HRS in the RESET direction at different voltages.

Up to about —200 mV, the cell resistance remains stable for the entire measurement. For higher voltages
however, it rapidly drops to 20%—30% of its original value. This transition becomes more abrupt for higher
absolute read voltages, with the majority of the change occurring during the first few pulses, followed by a
more gentle drift towards lower values. For —400 mV and —500 mV the resistance seems to approach a fixed
resistance value. This value strongly depends on the series resistance connected to the device. Generally, this
series resistance can be due to the measurement setup or other connected periphery, it can be due to the
crossbar parasitic elements or it can be a built-in feature of the device as in the case of [38].

This behaviour can be understood from the device kinetics. It has been demonstrated that the switching
time of VCM devices depends on the initial state [39]. The lower the resistance, the faster the switching for a
given voltage. Consequently, the LRS can be disturbed by voltages well below Vg, used for switching from the
HRS. Since during the read operation no current compliance is active, the resistance decreases until the current
is limited by the series resistance of the circuit. Therefore, the final resistance settles, and is somewhat lower
for higher Vggap, as seen in figure 6(a). Due to this limitation by external resistances, the intrinsic variability
of the devices plays less of a role, as evidenced by the reduced variability between measurements. Simulation
results produced with the compact model (figure 6(b)) demonstrate that it captures the essential features well.
At —200 mV only a minor drift is observed, while —325 mV leads to a halving of the devices resistance. The
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Table 3. Summary of the different types of read disturb.

Device state/reading direction Relevance and impact
LRS/SET Relevant above |V| > 200 mV further decrease of the device resistance
LRS/RESET Relevant above |V| > 500 mV small drift observable
HRS/SET Relevant above |V| > 100 mV drift of the resistance state towards the LRS, bit flips possible
HRS/RESET No effect found up to 800 mV
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Figure7. (a) Experimental read traces in different resistance regions at a constant voltage of —0.35 V. Read noise is observed in
HRS whereas the LRS states are comparatively stable. (b) Representative simulated read noise curves in different resistance regions.

resistance settles at about 10% for —500 mV. Note that the reduced variability for this state is correctly repro-
duced. In general, the simulated variation appears to be larger. This is due to the fact that a much larger number
of experiments can be simulated than physically performed.

4.2.4. Reading a device in HRS in RESET direction

Of course, it is interesting to investigate if a similar drift exists in the opposite direction. To evaluate this, cells
were programmed to a 30 k€2 HRS and different voltages with RESET polarity were applied. Besides this, the
same procedure was followed as in the previous case.

The resulting normalized resistances are shown in figure 6(c, d). Over the course of the measurement, the
resistances deviate from the initial value by about 5%-10%, with no obvious trend towards higher or lower
values. The applied voltages do not seem to have a significant influence on the magnitude of the deviation.
This indicates that for the HRS the behaviour is dominated by the read noise, leading to a random distribution
of the observed resistances, rather than a voltage driven drift. While in [40] it has been reported, that a SET
disturb could occur when applying multiple RESET pulses, this was not observed in this study. One reason for
this might be the different device dimensions as the devices used in this study have a cross sectional area of
49 m? range while the devices in [40] were in the range of a few hundred nm?. Larger device sizes could lead
to more stable and relaxed vacancy distributions when compared to smaller device cross sections where the
volume for vacancy redistribution is much smaller.

In conclusion, read disturb has to be considered as reliability aspect for VMM applications. In order to
determine the tolerated maximum read voltages, we recommend to characterize the read-disturb characteris-
tics of the devices to be used comprehensively. If possible, reading in RESET direction should be preferred since
the read-disturb effects generally appear at higher absolute voltages. In section 6, we will relate these findings
to the dot product calculation and parallel readout. Our findings are summarized in table 3. We would like to
emphasize that these findings are only valid for the resistive ranges that we have considered so having different
LRS or HRS states might lead to different results. However the general differences between reading in the SET
and reading in the RESET direction should still hold as they are a consequence of the device physics themselves.

4.3. Read instability

Read noise, often also called RTN, refers to random jumps of the read current in a frequency range between
10° and 10* Hz. It has been attributed to either the charging/activation and discharging/deactivation of traps
[21, 41], or the random redistribution of oxygen vacancies in the oxide layer [33]. The amount of read noise
was found to be stronger for higher resistance states [28, 33, 41], as well as for increased temperatures and read
voltages [19]. Experimentally obtained read noise characteristics are demonstrated in figure 7(a). Shown is the
measured resistance of several cells in HRS and LRS, recorded with a constant voltage pulse of —0.35V for 1 s.
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It can be seen that the HRS states (10 k{2 to 100 k2) exhibit significant jumps whereas the LRS (< 5k2) is
comparatively stable.

In a previous study, it was demonstrated that these jumps lead to a stochasticity of the programmed state
according to an intrinsic distribution, where its width typically exceeds the programming variability, if an
appropriate program verify algorithm is used [33]. Further, it was shown that these jumps can be grouped based
on different jump heights and identified jumps of single vacancies at different locations within the conducting
filament as origin [33].

The effect of the resistance state on the amount of read noise is a feature of the used compact model as
demonstrated in figure 7(b). The resistances were evaluated at —0.1 V applied to the AE while the OE was
grounded. As expected, the amount of read noise is proportional to the resistance range with higher resistances
leading to higher amounts of read noise. The compact model here only considers the large jumps between plug
and disc.

5. Peripheral circuitry

For the VMM operation, an ADC is required in addition to the 1TIR crossbar array and the input drivers
for VMM. This ADC can be an additional source of errors, which will be investigated in the following. As
the used ADC is based on counting pulses generated by a ring oscillator during a fixed time interval, we will
focus on errors associated with this functionality. A Monte Carlo analysis was already shown in the original
publication [34]. To study possible error sources of the ADC, we simulated the complete VMM system as shown
in figure 2 using a deterministic device model. In this way, we can investigate the VMM in a complete system
while neglecting device errors. Additionally, for the analysis in this chapter, we only consider one evaluation
cycle, meaning that we can neglect read disturb and all errors are induced by the ADC.

The evaluation process of the ADC s split into three parts. First, the bitline current coming from the cross-
bar is converted into a supply voltage for the VCO. While the crossbar delivers a constant current, if the devices
are deterministic, the supply voltage nevertheless shows small oscillations (a few tens of mV) as the load repre-
sented by the ring oscillator changes. As a ring oscillator consists of an odd number of inverters #m, in one cycle
L#J inverters have their output connected to Vppvco and in the other cycle (#W inverters. The brackets
with the edges at the bottom represent a rounding to the nearest smaller integer, while the brackets having an
edge at the top represent a rounding towards the nearest higher integer. Therefore, this oscillation is linked to
the functionality of the ADC itself and is not an error. In the second step, the supply voltage is converted by
the ring oscillator into a pulse train, which oscillates between zero and Vppvco. To simplify the counting, we
amplify this voltage through the use of a buffer amplifier made up of two inverters resulting in the signal Vymp,
oscillating between 0 V and Vpp. In the third step, this pulse train is fed into the clock inputs of a negative-edge
triggered JK flip-flop based synchronous counter. The process of counting the pulses can thereby show several
errors, some of which are more generic and some of which are specific and/or worsened by the application of
doing VMM with resistive devices. The general errors that can occur are that the pulse train is too fast for the
counter, which can lead to miscounting. In the VMM application, this can, however, be mitigated by looking
at the configuration that gives us the fastest pulse train. This configuration is found when all read out devices
are in the LRS and all transistor gates are selected. This means that the circuit is designed to be fast enough
to count at this frequency, or, alternatively that this case is made slower by, for example, increasing the LRS of
the VCM cells or increasing the resistance of the 1T1R select transistors. More specific errors are that pulses
are too close to tgyar, and that fgyar, happens at the same time as the state change of the counter. Both errors
are related to finding a suitable value for tgyar. Further, the different resistance configurations of the crossbar
and the different number of activated wordlines lead to different oscillation frequencies, which means that the
frequency of the counter becomes a variable value as well.

In the original publication [34], it was suggested to use a self timing path (STP) to determine this time
point as the STP would contain the same type of variability as the evaluated array part. However, for the types
of variability that we are considering here, this is not true or cannot be assumed in general. For instance, read
noise stems from a stochastic process inside each device, which makes it unlikely that there will be a correlation
of the amount or direction of read noise between multiple devices. Additionally, read disturb is a cumulative
voltage dependent process, meaning that the amount of read disturb a device expresses depends on the number
of read operations it has seen and on the voltage dropping over the cell. As the number of read operations is
not known for individual devices in the array, it cannot be assumed that there will be a correlation of the
read disturb of devices in the STP and of the arbitrary read out devices in the array. One way of mitigation
would be wear levelling [42, 43]. Regarding read disturb, it should also be noted that the voltage dropping
over a certain device depends on the state of the devices being read out in parallel, as well as the number of
activated wordlines. This would even be a challenge for wear levelling. So, new ideas might be necessary. In
summary, the physical nature of read noise and read disturb makes it difficult to mitigate variability based on
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Figure 8. Shows the corresponding equivalent circuit diagram for the measurement setup on the passive arrays. A zero in the
input vector is realized as an high ohmic output of the measurement system.

these effects through an STP necessitating a deeper understanding of the impact of various reliability effects
on VMM accuracy.

6. Experimental eight-bit dot-product results

Experimentally, the dot-product operation is validated on a selected subset of the possible conductance vectors,
as testing all possible combinations of input voltages (2%) and resistance states (2%) would result in 28 x 28 =
65.536 possible operations. As we want to focus here on the impact of device-level non-idealities, we specifically
selected our measurements to showcase these. Fortunately, it can be assumed that the order of the ‘1’s in the
conductance vector is irrelevant, as due to the large area of the BE the series resistance of the bitline can be
neglected, and therefore, all cells occupy equivalent locations in the circuit. Only their number and whether
they are paired with a ‘1’ in the input vector determines the current flowing through the bitline, corresponding
to the computation result. This is of course the behavior expected from the mathematical definition of the
dot-product. For clarity, the bitline current value can be rewritten as

Igr = Gigrs Z Vi + Gurs Z Vi
{ilGi=Grs} {1l Gi=Grrs}

(1)
= Gigs * Vreap - d + Ghgs - ZVi —d - Vgeap | »
i

where d is the numerical result of the dot product and Gyrs and Gygs are the target conductance values of the
states.

Even though it is not strictly necessary, for the input vector V, all possible combinations were considered.
This was realized by incrementing an eight-bit integer and using its binary representation to apply the voltages
Vreap/high ohmic to the cells. Figure 8 schematically shows the measured passive line array configuration.
It should be noted, that while a ‘1’ in the input vector is encoded as Vggap @ zero has to be realised as a high
ohmic output of the measurement setup, as applying 0 V would lead to parallel current paths.

6.1. Effect of LRS and HRS variability on the dot product

Figure 9 shows the results of these dot product measurements. To demonstrate the deviations from the ideal
case, each measured current is plotted against the value expected for this input pattern, given the nominal
resistances for HRS and LRS. Vggap was chosen as —0.2 V. As shown in figures 3 and 6, this voltage amplitude
is low enough not to cause read disturb over the duration of the measurement, independent of the device state.
The solid black line has a slope of one and therefore ideally all points should lie on this line. The slight vertical
deviations are mainly attributed to the programming variability. The distribution of measured bitline currents
is also plotted as a histogram on the right side of (a)—(c). The different colours represent different dot product
results.

Figure 9(a) shows the resulting I, for a case with two ‘I’s in the conductance vector. The allowed variability
of the LRS and HRS during the write verify operation was 10%. From the histogram it can be seen that the
measurements fall in one of three groups of currents. The means of these groups are separated by roughly
50 pA. For each group, there is an additional spread of about 40 pA. These features can be understood from
equation (1). The major contributions to the current come from the first term, as Girs ~ 10 Gpgs. These
represent the ‘1’s in the conductance vector. Since in this example there are two LRS cells, the summation can
result in zero, one or two Vgeap®Grrs contributions. This leads to the three groups of currents, each with a
mean current of I1gs = Grrs*Vreap is higher than the previous one. They correspond to the three possible
dot product results (0, 1, 2) for this resistance state vector. The spread within each group is caused by currents
through the selected HRS cells, described by the second term in equation (1). These contributions are much
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Figure 9. Dot product results for different programmed resistance patterns consisting of eight VCM devices under all possible
input voltage vectors. (a) Shows the results for two devices in the LRS and 6 devices in the HRS state. (b) and (c) Shows the results
for six devices in the LRS and two devices in the HRS state. The LRS variability for (a) is 10% for (b) its 10% and for (c) its 30%.

smaller (Iygs ~ 0.1 I1gs), but because there are six HRS they can add up to a contribution in the same order
of magnitude as those from one LRS cell.

An additional contribution to the vertical spread in the groups is due to the finite programming accuracy.
The measured I then depends on which cells are used to realize the dot-product result. For example, the
result d = 1 can be realized with each of the cells in LRS. In principle, the variation in the HRS cells also has
an influence, but due their small current contribution, this is less significant.

In figure 9(b), the measurement is shown for the inverted pattern of the conductance vector. Six cells are
programmed to the LRS, leaving two in the HRS. As expected, there are now seven main groups of I, cor-
responding to the possible dot-product results zero to six. Note that the groups corresponding to zero to two
are still at the same current level as in the first case. The spread within each group is now much smaller as
there are only two HRS cells that can at most lead to an additional current of 2 Iygs. In both cases, all groups
are clearly separated. For a larger programming variability, this may no longer be possible. To illustrate this,
the same configuration of the conductance values is shown when programmed with a tolerance allowing for
up to 30% deviation in the device resistances figure 9(c). As expected, some distributions are spread out ver-
tically much more than in the previous case, mainly the central ones. These correspond to the dot-products
that can be realized with many different combinations of inputs and subsets of the LRS cells. Due to the large
programming tolerances, the resulting I, will differ significantly between these. Less affected are the higher
dot-products, as the number of possible realizations is low. The same applies for the result 0, for which no LRS
cells are involved.

6.2. Read disturb in parallel operation
To characterize the influence of prolonged read stress on the dot-product reliability, the array was programmed
to a state with four LRS bits and four HRS bits. Then, a read operation was performed with an input vector
containing only ‘1’s, therefore applying voltage pulses to all cells simultaneously. Iy, then represents the effec-
tive resistance of all cells in parallel. This was repeated 100 times. A range of different amplitudes and polarities
for Vrpap was tested.

Figure 10(a) shows the resulting resistances for the SET direction. In the left plot, the transient response
during the first read pulse is shown, whereas the average values for all following pulses are shown on the
right. Clearly, a low read voltage of —300 mV leaves the resistance largely unchanged, apart from a small drift
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Figure 10. Experimental read disturb at different voltages in SET (a) and RESET (b) direction. One measurement takes 2.5 s.

towards lower resistances. For higher absolute voltages, however, a significant drop appears. The majority of
this happens rapidly already at the beginning of the first pulse. This change is not due to a switching of some
HRS cells to LRS, as might be expected, but due to a further drop in resistance of the LRS cells as shown in
figure 6. There, a voltage above —300 mV leads to a large drop in resistance in a few seconds. For the read
disturb from the HRS state on the other hand, a typical SET time on the order of years was found for this
voltage. Therefore, in an array application, the impact of read disturb on LRS devices is the limiting factor. In
the case with the read voltage applied in RESET polarity (figure 10(b)), a much smoother drift in resistance
towards higher values is seen. This is caused by an increase in the LRS resistances at voltages above ~500 mV.
The read disturb measurements for single cells confirm this view, as a moderate increase in resistance of a few
k(2 was observed. Considering the effect of a RESET direction voltage on HRS devices, as shown in figure 6,
the results indicate no significant drift for this voltage range. Therefore, in this case too, the LRS cells are
the limiting factor. Regarding the reliability of the dot-product computation, these results indicate that it is
advisable to read in the RESET direction, to minimize the disturbance of the programmed states.

7. Vector-matrix-multiplication

The usual way of how VMM using resistive devices is defined in equation (2) for the case of an 8 x 8 matrix.
In this case, the voltage input vector V = (V; ... V) and the current output vector I = (I; ... Ig) both have
eight components, while the 8 x 8 matrix G is represented by the VCM device conductances.

I=GxV &
Il G11 G12 G17 G18 Vl
L Gy Gn Gy Gy Vi
I; G Gn Gy7 Gy Vs
Is Gs1 Gs Gg;  Ggs Vs

The component I; of the result vector is then calculated as

IlzGll*V1+G12*V2+G13*V3+G14*V4

+ Gis % Vs + Gig x Vo + Gi7 x V7 + Gig x Vs, (3)
or more generally as
8
L= Gj*V, (4)
=1

where each component of the result vector is the dot-product between input voltage vector and corresponding
row of the conductance matrix which is produced in one evaluation phase of a single ADC. In our case, as
both the vector components and the matrix are binary, the resulting multiplication of vector element and
matrix element will mathematically be zero if one or both of the multiplicands are zero and one if both the
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Figure 11. Number of generated pulses (a) and digitized output (b) for all possible combinations of the eight-bit voltage input
vector and the eight-bit resistance column.

multiplicands are one. In the case of the voltage input vector, zero volt represents a mathematical zero and
VDD represents a mathematical one, while in the case of the 1T1R matrix elements the mathematically zero is
represented by the HRS of the VCM cell and the one is represented by the LRS of the VCM cell.

7.1. VMM in 1T1R arrays

To map this operation onto hardware, we apply the voltage vector (V) to the different rows of the IT1R crossbar.
This implies, that one row of the conductance matrix (Gj;.. g) is stored in the devices of one column in the
IT1R crossbar. The elements of the current output vector (I;) are then produced column-wise and fed into the
ADC. Following this definition of the VMM, each dot product operation can produce n + 1 different results
for n-bit vectors.

To study the analog VMM operation, the circuit structure from figure 2(a) was simulated using the deter-
ministic version of the JART VCM compact model with the parameters from table 1.

Figure 11(a) shows the number of generated pulses and figure 11(b) shows the digitized output of the
counter for all possible combinations of input voltage vector and conductance matrix. Figure 11(a) is calculated
by counting the signal crossings of Vmp in software. The colour bar indicates the number of counted pulses.
Essentially, the result of the dot product is determined by the minimum of the number of ones in the input
vector and the number of LRS devices in the selected rows (dot product = min{number of Vpp inputs, number
of LRS devices}). This is due to the special initialisation of the stored resistances and applied voltage vectors
which was needed since it was not feasible to simulate all 28 x 28 = 65.536 different cases. As in section 6 we
neglected the position of the ‘1" and ‘0’ in the stored and input vector. For example in the case of four devices
in the LRS state the top four cells were set to the LRS and having three Vpp inputs means that the first three
voltage inputs were Vpp. As can be expected the number of generated pulses, as well as the digitized output
increase with a larger number of Vpp inputs and with a larger number of devices in the LRS. As explained
in section 5, the digitized output does not have to be the same as the number of pulses, e.g., because signal
crossings appear too close to tgyar. This will lead to a larger number of pulses compared to the digitized output.
Nevertheless, figure 11(b) shows that the ADC can differentiate the different dot products from each other since
the difference in the digital outputs between different dot product results is at least one. In figure 11(a), the
increase in the number of pulses due to devices in the HRS being selected can be observed, e.g. in column two
in the rows two to nine. This is also observed in the experimental results in figure 9(a). In figure 11(b) we can
also see some of the errors discussed in section 5, e.g. from column three row five to row seven (red rectangle)
the digitized output increases first from 19 to 21 and then decreases back to 20. This is due to the fact that
the counter switches its state very close to the evaluation time tgyay, for this dot product result. Going from
row five to row six, one additional input is set to Vpp, which means that an HRS is selected (as in this column
there are only two devices in the LRS). This slightly increases the oscillation frequency of the VCO to a point,
where at tgyar the first output bit of the counter Qy is still one and has not changed to zero as it is supposed to
do at the transition from 19 (Q4Q3Q,Q; Qo = 10011) to 20 (Q4Q3Q,Q;1Qp = 10100). This type of error leads
to the digitized output being one larger than the number of pulses. If this type of error appears at the second
bit position, the digitized output is larger by two. This can be seen in the blue rectangle in the fifth row in the
columns five to nine between figures 11(a) and (b).
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Figure 12. The number of generated ADC pulses as a function of the equivalent conductance of the crossbar for a LRS
programming variabilities of 10% (a) and 30% (b) from figures 9(a) and (b).
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Figure 13. Shows the number of generated pulses over multiple measurements at different read voltages in the SET direction
(a) and RESET direction (b). Each measurement is 2.5 s long.

8. Device-level effects on the VMM

8.1. Effect of LRS and HRS variability on the VMM

To study the impact of device non-idealities, we utilised the measurement results from section 6. As a first
step, we studied the effect of different amounts of LRS variability. This was done by calculating the equivalent
conductors conductances of the measured currents from figures 9(b) and (c) and then by replacing the 1TIR
crossbar with these equivalent conductances. For these measurements, six devices were programmed to the
LRS and two devices to the HRS. The design of the ADC was the same as in table 2. The resulting number of
generated ADC pulses can be seen in figures 12(a) and (b). As shown in figure 11(b) the digitized output of
the ADC can vary from the generated number of pulses due to different ADC related reasons as explained in
sections 5 and 7. Therefore, to focus on the impact of the device effects on the VMM, we use here the number
of generated pulses as key figure of merit as it is not affected by ADC counting errors. The different colours in
figures 12(a) and (b) indicate different dot product results of the measured currents. One important feature is
the nonlinearity that can be observed in figure 12 when compared with the linearity of the currents. This was
also shown previously in [34] and is due to the different transfer functions of 1T1R crossbar and ADC [44, 45].
While the non-overlapping currents from figure 9(a) can also be distinguished at the stage of the ADC in the
number of generated pulses, the overlap in the measured currents in figure 9(b) also translates into an overlap
in the number of generated pulses in figure 12(b). It should be noted, however, that the maximum overlap for
different dot products is only one, as can be seen in the zoom in, which means that the results still represent a
good approximation.

8.2. Effect of read disturb and read noise on the VMM

The effects of read disturb and read noise are investigated using the same method as in section 8.1. Here, we
utilize the measurements from figure 10, which represent read disturb measurements of four devices in the
LRS and four devices in the HRS at different voltages. Each measurement was ~2.5 s long, which represents
500000 000 read cycles at an evaluation time of 5.1 ns. Again, we plotted the number of generated pulses
to divide the ADC counter errors from the device errors. For both the SET direction, figure 13(a), and the
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RESET direction, figure 13(b), the change over time increases at higher read voltages and the biggest change
happens already in the first cycle. The different colours represent the mean behaviour at different voltages,
while the bands represent the edges of the single device behaviours at the corresponding voltages. As can be seen
from figures 10(a) and (b), at small voltages the drift is relatively weak (SET direction) or almost non-existent
(RESET direction). For the RESET, however, the cells are stable for much higher voltages when compared
with the SET direction. For higher voltages, the largest change already happens during the first measurements,
which explains the different initial numbers of pulses.

To summarize, if the voltages are kept small enough the impact of read disturb can be more or less neglected
on the timescale that was considered here (~250 s). These safe voltage ranges are below 300 mV for the SET
direction and below 500 mV for the RESET direction.

9. Conclusion

In summary, our paper shows the effect of device-level non-idealities of VCM based ReRAM devices on the
accuracy of the VMM on a device and circuit-level considering binary devices and binary inputs. It was found,
that the LRS variability plays a larger role than the HRS variability when reading out multiple devices in parallel.
As the LRS variability can be well controlled through the current compliance of the series transistor in the 1T1R
structure, this suggests the possibility of reading out more devices in parallel. Additionally, we could show that
it is reasonable to read with the RESET polarity as this leads to a much slower and more gradual change of
the resistance state when compared to reading in the SET direction. Moreover, this drift only appears at much
higher voltages.

Regarding the optimisation of the energy efficiency of the VMM operation, small voltages are of course
favourable as they result in lower currents. As we have shown here, for the case of read disturb, smaller voltages
will also lead to a significantly longer resistance stability, due to the non-linear switching kinetics. Therefore, as
long as the signal to noise ratio can be kept at an acceptable level, the read voltages should be reduced as far as
possible. From an energy point of view, the LRS would need to be increased the most as devices in the LRS are
the main current contributors. Since the resistance ratio of HRS to LRS needs to be kept at a certain level when
multiple devices are read out in parallel this will require the HRS to be increased as well. As a rule of thumb, the
smallest HRS state divided by the number of devices in parallel must be larger than the highest LRS. Of course,
increasing the HRS to LRS ratio simplifies the analog to digital conversion as the current contribution of the
devices in the HRS can be neglected ideally. Using higher resistances also has disadvantages as they generally
require higher voltages to program, show a higher read noise and exhibit larger programming variability of
their resistance distributions.

An important question for future work will be the impact of scaling up the array sizes. Larger array sizes will
lead to larger parasitic elements, especially series resistances, which will impact the programming of devices
based on the position of a device in an array, i.e. how far it is placed from the driving and read out circuitry.
One likely impact of this on the circuit level is that the resistance window between LRS and HRS will close as
the parasitic resistances represent a series resistance being added to LRS and HRS. Parasitic capacitances will
also play a role as they will affect the timing of the ADC and might require increasing the evaluation period
until the array output is charged to the correct voltage level for the VCO based ADC. A partial solution to this
issue would be to increase the driver strength by increasing the driver circuits or even to use multiple drivers
at different positions around the array. In that case, the most critical device will be in the middle of the IT1R
array. This will of course complicate the architecture but it should allow for larger array sizes while not affecting
the evaluation cycles of the ADC.
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