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The read variability of redox based resistive random access memory (ReRAM) is one of the key characteristics with re-
gard to their application in both data storage and novel computation in memory or neuromorphic architectures. Whereas
intrinsic noise limits the number of distinguishable states, it may be beneficial for probabilistic computing or to prevent
overfitting. Thus, application and material system need to be carefully matched according to their read noise charac-
teristics. Preceding density functional theory (DFT) simulations suggested to divide oxides used in valence change
memory into two categories based on the dominating conduction mechanism. We provide a comprehensive experi-
mental study which confirms the simulations and demonstrate how the conduction mechanism affects the variability.
We analyse the signal to noise ratio (SNR) of five different switching oxides, revealing that oxides with shallow defect
states (type 1) show high SNR whereas oxides with deep defect states (type 2) exhibit pronounced ionic noise. Thus,
our results provide valuable input towards tuning of read noise characteristics by material design.

I. INTRODUCTION

One of the most investigated classes of resistive random
access memory (RRAM) are redox based RRAM (ReRAM)
devices. These are highly scalable!?, two-terminal devices
which show high endurance up to more than 100 switch-
ing events®~, high retention®® and switching speeds substan-
tially lower than 1 ns for many materials®'® and compara-
tively simple design. Hence, ReRAM might play an impor-
tant role in future storing and calculation applications!'~!3.
Furthermore, many interesting logic and computation in mem-
ory schemes were developed that provide the chance to over-
come limitations of current processor architectures, like the
von Neumann bottleneck!4!7. One of the widely investi-
gated ReRAM classes is based on the valence change mech-
anism (VCM)'®19 VCM-type ReRAM cells consist of a
metal/metal oxide/metal stack with asymmetric metal elec-
trodes of different work function and Gibbs free energy of ox-
idation. The metal oxide can be realized as a single-layer?’->!
or bi-layer’>?3. The operation principle of ReRAM is apply-
ing well-chosen voltage schemes to vary the concentration and
distribution of oxygen vacancies at the active Schottky inter-
face of the devices and by this tune the resistance of the de-
vice.

A major challenge for the reliability of ReRAM is the short
term instability of the programmed states while reading, of-
ten called read noise?*~2. This limits the reliability of stored
information'®. Especially, if a high number of logical states is
used, read noise can cause undesired state transition. Even
if only two states are defined, non-intended switching was
observed?”’. Also if utilized for neuromorphic operations,
even though a certain degree of stochasticity might be desired
to prevent overfitting?®-3Y, a reliable quantification of the phe-
nomenon is of major importance.

Recent density functional theory (DFT) studies revealed the

strong link between the position of the oxygen vacancy lev-
els in the bandgap of the switching oxide layer, the resulting
current transport mechanism and the current - voltage (I-V)
characteristic in VCM devices3!. We provide an experimen-
tal verification by the analysis of five typical ReRAM device
stacks with two material composition belonging to type 1 and
three designs that were attributed to type 2. These can be seen
in Figure 1 (a) - (e). Furthermore, we extend the study of
Funck and Menzel®! by analysis of the noise characteristics
for the two types of ReRAM devices.

II. CONDUCTION MECHANISM

Two conduction mechanism were identified based on the
oxygen vacancies in the material. The oxygen vacancies
differing in the energy gap between the conduction band
(CB) and the energy levels of the oxygen defect states’>. A
schematic representation of these conduction types is shown
in Figure 2 (a). If the gap between CB and oxygen defect
state is small enough, a relevant portion of the electrons can
be thermally excited into the CB3. Thus, the tunnelling from
the oxide CB through the Schottky depletion zone into the
metal conduction band has the dominating role in conduction.
Here, the exact location of the defects is of no major impor-
tance for the electron conduction. Thus, a random walk of
these defects only has a minor impact on the resistance. This
conduction is called type 1. If, otherwise, the gap is substan-
tially larger making excitation into the CB energetically un-
favourable, the current limiting conduction mechanism is the
hopping from defect states to the metal interface of the active
electrode. Here, the hopping of defects directly affects the
electronic conductance. In this case, the material is assigned
to conduction type 2. In both cases, the electrons bridge the
energy barrier at the active electrode by tunnelling. The cen-
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FIG. 1. The design of devices tested for this paper. In the course of
this paper we use the abbreviations above the stacks as synonyms for
the device.

tral difference is the quasi-continuous distribution of states in
the CB allowing for a high population of electrons near the
tunnelling barrier for type 1 materials, whereas for type 2 ox-
ides, a small number of defect states provide the tunnelling
state. This model is supported by theoretical and experimen-
tal findings alike?®. Note that compared to type 1 materials
like STO?, the resistance of type 2 materials is less influ-
enced by the temperature®®. To further prove the model, we
compare the expected and experimental variability of the two
conduction types. If one of these defects changes its position,
abrupt current jumps are expected, as observed, for example
in HfO,3738 and TazO5/TaOz.39 based devices. This type of
noise was attributed to the migration of ions for ZrQ,*04!,
This type of noise is often referred to as random telegraph
noise (RTN). We will instead use the name ionic noise, as
the term RTN is commonly used for specific mostly two-
level noise in metal-oxide-semiconductor field-effect transis-
tor devices*>** because the mechanisms inducing this kind
of noise are not exactly the same and the noise we observed
does not exactly match the expectations of RTN.

According to the focus of this study, five different VCM-
type ReRAM devices are selected. The abbreviations, stack
sequences and dimensions as well as experimental settings
for stable bipolar switching behaviour are summarized in Fig-
ure 1 (a) to (e) and Table 1. Here, the devices are sorted by
their main switching metal oxide layer being SrTiO3 (STO),
TiOy, TaOy, HfO, and ZrO4. We decided to use well under-
stood material stacks that will be subject to further research,
even though some variations apart from the switching layer
are present. Note that previous studies revealed that in the

TABLE I. Experimental settings and dimensions of ReRAM devices.

STO TiO TaOy HfO, ZrOy
[Vread| [V] 05 1 0.25 0.25 0.35
Vsed| [V] 2t025 20t023 09t0l5 12t012 1
[VReset| [V] 221025 20023 13t01.7 1.0t0o1.5 1.8
trise, switch [1S] 500 300 2 2 40
fpulse, switch [ms] {50 to 100 200 to 700 1-1073  0.02 0
hrise. read [1S] 200 200 200 200 200
Tpulse, read [s] 2 2 2 2 2
Adevice [nm?]  |4.8-107 25105  4-10° 1-10*  4.9-107
doxide [nm] 15 7 10 33 5
Ton—off 2 2 5 5 5
References 51 52 3 53 40

HfO, devices, the switching takes place in the HfO, and not
in the TiOy layer’. The TiOy layer mainly functions as an
internal resistor.

The relative position of the oxygen vacancy state in the
oxygen layers are shown in Figure 2 (b). Due to the energy
level of the defect states, we assign the TiOx and STO de-
vices to conduction type 1293334, because the energy differ-
ence between the CB and the nearest oxygen defect state Vo
are shallow*>#®, The other material systems are expected to
belong to type 2474,

Ill. EXPERIMENTAL ROUTINE

For the measurement of the I-V sweeps we used a Keithley
2611 source measure unit. We adapted the parameters of the
voltage sweeps according to the experience with the particular
material system. The read noise experiments were performed
using the Keithley 4200-SCS measurement setup. The mea-
surement routine consists of two waveforms. Firstly the de-
vice is switched at least two times like seen in Figure 3 (a).
By including read signals in the waveform, we verify that the
device still switches reliably. Subsequently, we read the de-
vice for 2 seconds at a constant read voltage. We call the
current response of this read pulse a trace. This is exemplarily
shown in Figure 3 (b). The experimental parameters are listed
in table I. The parameters were adjusted for each device to en-
sure stable switching over time for different devices. After the
switching sequence, the devices were in the HRS. We decided
to focus on the HRS as here the read noise is more noticeable.

A trace was taken into account if the relative resistive
change in the previous switching cycles exceeded a thresh-
old Tonoff- This threshold was individually chosen for every
material system, based on its commonly observed switching
characteristics.

While preprocessing, the trace is split into a deterministic
and a noise part. The different parts of an STO trace are shown
in Figure 3 (c). In some traces, an oscillation with the fre-
quency of the European power grid (50 Hz) was present. This
was removed from the signal. For type 1 traces, we found a
deterministic, fully volatile, saturation-like trend. The physi-
cal reason for this trend is under debate. This phenomenon is
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FIG. 2. (a): Illustration of the conduction types 1 and 2 taken from Funck and Menzel3!. For type 1 materials, the main conduction mechanism
inside the switching oxide is the excitation of electrons into the CB. The electrons cross the Schottky barrier by tunnelling out of the CB.
For type 2 materials, the electron is transferred by hopping between defect states. At the AE, the electrons tunnel from defect states into the
bordering metal layer. Panel (a) was reproduced with permission.?! (b): The energy landscapes of the switching oxides measured are shown.
Especially the gap between the oxygen defect states and the CB is to be noted. The energy levels are plotted with reference to the lower edge
of the CB. The energy levels were experimentally determined for STO*, for TiO*, for TaO,*7, for HfO,*3 and for ZrO,*.
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FIG. 3. Measurement routine used for recording the read noise. (a) shows the switching pulses with subsequent reads which are applied at
least two times as seen from the black curve. (b) refers to the constant read pulse that is applied for 2 seconds. In case the device is switched,
the read signal is evaluated. In (a) and (b), the current response of a HfO, device is plotted exemplarily for switching and reading, respectively.
The preprocessing of type 1 traces is shown in (c). The noise induced by the power grid and the deterministic part described by the trace
equation (1) (orange line) is subtracted from the trace (blue line) to receive the noise signal (green line). An offset was added to the data to
ease visually distinguishing the parts of the signal.

very similar to the short-term plasticity (STP) and might be an
interesting property to make use of in the field of neuromor-
phic computing. As we see this drift as a deterministic and
possibly beneficial part of the signal, we do not consider it as
noise. We fitted the deterministic part by

loet(t) = A—Bexp(—a-1)+ B 1. (1)
Thus, the noise signal is yielded
Lhoise (t) = Iread (t) - Idet(t)- 2

For STO, note that the parameter A being in the range of
0.5 pA to 5 pA basically is the maximum or minimum of the
trace. B is smaller than 1 pA corresponding to the difference
between the trace’s maximum and minimum. Depending on

the polarity of the read voltage, the sign of B changes. The
main fitting parameters are the exponent ¢ and the slope d.
Here, o is between 2 s~! to 10 s~! and f is smaller than
0.3 pA-s~!. For the TiO, data the parameters A, B and 3 are
in the range of the respective traces, whereas « is comparable.
The average coefficient of determination is about R*> = 0.98
for both the TiOx and STO traces. For the type 2 devices, the
read noise is defined as

Inoisc(t) = rcad(t) - lvl(lread(t))a 3)

as no systematic state drift was observed. Here, u is the
median of the trace.



IV. RESULTS

In this part, we first check, if the assignment of the ma-
terial systems to the conduction types is correct. For this
purpose, we use the I-V characteristic of the devices. Next,
we analyse the worst-case and average signal-to-noise ratio
(SNR) to quantify the amplitude of the read noise and cal-
culate for every material system the cumulative distribution
function (CDF) of the noise signal after filtering. This analy-
sis gives an impression of the reliability of information stored
after repeated reading. These quantities are highly sensible to
ionic noise. We also illustrate the structure of the read noise
by showing representative traces for every material system.

First, we compare the switching curves seen in Fig-
ure 4 (a) - (e) of the devices used in this paper with the switch-
ing characteristics expected for type 1 and 2 materials. Note
that the voltage is defined with reference to 0 V at the active
electrode. Here, all devices were in the HRS before sweep-
ing. The switching direction is indicated by black arrows.
Note that the STO and TiOy devices are switched eightwise
whereas the other devices are switched counter-eightwise.

The rather exponential I-V characteristic of the TiOx and
STO devices seen in Figure 4 (a) and (b) indicates that here
a type 1 conduction mechanism can be assumed. The HfO,,
TaOx and ZrOy (Figure 4 (c)-(e)) sweeps exhibit compara-
bly less exponential characteristics before switching occurs as
predicted for type 2 devices. The characteristics coincide with
the predictions based on the band structure of the switching
layer shown in Figure 2 (b).

We proceed by evaluating the read noise of the devices,
checking if differences can be found between the two con-
duction types. For the sake of comparability, we normalize
the traces by

7 Inoise (t)
Lnoise () =
( ) ,u(Iread)

where I¢,q(f) indicates the read current.

Three exemplary traces for every material system are shown
in Figure 6 (a). The type 1 traces are dominated by the deter-
ministic trend defined in equation (1) and no abrupt current
jumps of measurable amplitude are seen. For type 2 traces,
random current jumps of more than 8 uA are observed for all
type 2 materials. This indicates noise induced by the recon-
figuration of defects in the switching oxide*>*!. Hence, for
type 2 traces the dominant source of noise is ionic noise. At
the same time no deterministic trend is seen.

We use two parameters for the estimation of the relative
amplitude of the noise signal: Firstly,

+1, “4)

,u(lread)

SNRy. = - , )

ma Loise (1)) — min  (Loise (2
te[0 s,)z( s] ( fotse ( )) te[0s,2 5] ( fotse ( ))
as a worst-case error measure and, secondly,

u (Iread)

SNRyyg = —+—%, (6)
"o (Inoise)

as an average-case measure. Here, o is the standard deviation.

The worst-case and average-case SNR of the traces are
shown in Figure 5 (a) and (b) respectively. It can be seen that
the SNR of type 1 devices is in a well defined range. Here,
for STO traces, the minimum SNR,, is higher than 10 and
SNR,ve above 70. The STO data is split into two clusters, be-
cause of device to device variability. For TiOy the median of
the read current is smaller, according to the smaller area of the
device. The smallest SNRy,. values of the TiOy traces are also
bigger than 10, even though the traces are a bit less uniform
than for the STO devices.

For type 2 devices, a substantially larger spread of the SNR
is observed. In the worst-case analysis, even noise amplitudes
well above the median of the traces are seen over a wide range
of resistive states. This is the case, if SNRy, is smaller than 1.
Here, the best SNRy,. is comparable to the worst values seen
for STO. Comparing the type 2 material systems to each other,
we see that the median TaOy trace exhibits higher SNR values
than the HfO, and ZrOx traces. Especially, for the worst-case
analysis, the biggest SNRy,. of the TaOy devices are almost
one order of magnitude better than the best ZrOy traces and
are even better than observed for STO devices. The reason
is that for TaOy traces practically without ionic noise were
observed. If ionic noise is observed, the amplitude can very
well be in the range seen for ZrOy and HfO, traces.

To illustrate the intrinsic variability of the programmed
states, we further analyse the stability of the traces by filtering
all traces which are in a § surrounding of the median of (r)
at? = 0.5 s. From these traces, we calculate the CDF of (7) at
certain time steps before and after the filtering. The results of
this analysis can be found in Figure 6 (b). Figure 6 (c) and Fig-
ure 6 (d) show the CDF for STO and TiO4 on smaller scale.
The two conduction types show clearly different behaviour.
Whereas the type 1 CDF stays similar at all time steps taken
into account, the CDFs of the type 2 data start to relax into
an intrinsic distribution after filtering. Especially for the TaOx
data, the distribution at the end of the measurement relaxed
back into the state at the beginning. This relaxation limits the
effectiveness of program verify algorithms>**. The resulting
width of the distribution must be taken into account if multiple
states are to be programmed into a memory device.

We further investigate the kinetic of the relaxation by deter-
mining the range of the 16 and 20 surrounding
doo(t) = | (y=@(n) ~F 'y =2(-n))|, n= 17(5)
of the filtered data every 0.1 seconds. Here, F,~! is the inverse
function of the CDF determined from the normalized noise at
the time ¢ and @ is the CDF of a normal distribution with mean
and variance of 1. If F is a normal distribution this yields

dyst)=p+n-c—(L—n-0)=2n-0,

with 68 % and 95 % of the data being inside the border of this
interval. In Figure 6 (e) and Figure 6 (f) dis(f) and dys(7)
are shown respectively. Here, the range d)s(¢) and das(¢) are
depending on the time. It can be seen that d,q(¢) of type 1
materials are substantially smaller than for type 2 materials.
Only when the traces are filtered, we see a dip in the range for
type 1 devices. Hence, for the type 1 data the relaxation into
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FIG. 4. Switching curves of STO (a), TiOx (b), TaOx (c), HfO; (d) and ZrOx (e) devices. The switching direction is indicated by the arrows
added to the plot. All sweeps were measured with a sweep rate of 1 V/s.
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the relatively narrow distribution of I,y is comparably fast.
No big changes of the d,,; can be observed in the course of the
measurement. Here, the main sources of noise are expected to
be e.g. environmental noise, whilst ionic noise would have a
low amplitude because hopping between defect states is not
the current limiting mechanism in type 1 materials, such that
single jumps can not be detected.

For type 2 materials the filtering has a longer lasting effect

on d, . This correlates with the fact that here the read noise
is dominated by single ionic noise events. In case a jump was
observed in only a small portion of the traces ds stays con-
stant. We again observe that for TaOyx d|s is smaller and that
the relaxation is slower for both dis and dps. This indicates
that the mean time between two ionic noise events of TaOyx
traces is substantially longer. The amplitude of the current
jumps in TaO,, if they are observed, is similar to HfO, and
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filtering is seen. The type 1 data stays inside a narrow range. For ZrOy a general drift towards lower read currents is seen. The CDF of TiOx
(c) and STO (d) are shown on a smaller scale. In (e) and (f) the range of the 10 and 20 surrounding depending on the time after the beginning

of the pulse is plotted.

ZrOy traces. dps of TaOy and HfO, are similar 0.8 s after the
filtering. The relaxation is faster for the ZrOx devices. This
might be a result of different energy barriers for the diffusion
of the oxygen defects Vg seen in the switching oxides.

V. DISCUSSION

In short, our results are in good agreement with the theoreti-
cal predictions made based on DFT studies?-3!33. Firstly, the
I-V characteristics of the devices under test show typical band
conduction and trap assisted tunnelling behaviour according
to the materials stacks. Secondly, there is a correlation be-
tween the SNR level and the type of the device. Thirdly, the
read noise could be analysed semi-quantitatively.

Type 2 materials show a significantly reduced SNR for both
the worst-case and average case analysis due to the occurrence
of ionic noise. Thus, the ionic noise is a fingerprint of the type
2 conduction mechanism. This For all type 2 materials, the
maximum spread of the CDF after filtering was bigger than
60 % of the median of the trace. The frequency and average
amplitude of ionic noise differ for the material systems under

investigation. Here, single defects have a much higher impact
on the total current compared to conduction type 1. For type
1 devices, the spread of the CDF seen in Figure 6 (b) stays
smaller than 5 % of the median of the trace.

We proved the need to distinguish ReRAM devices ac-
cording to the conduction types as proposed by Funck and
Menzel®!. We infer that our results yield valuable information
to optimally match material system and application. Based on
our data, type 1 devices can best be used for memory tasks.
A drawback here is the low switching speed of the TiOy>°
and STO>* devices in the switching mode used in this study.
Type 2 devices exhibit favourable noise properties to be uti-
lized e.g. for probabilistic computing or noise generation in
optimization tasks.

Nevertheless, we want to stress some challenges faced in
this study. Firstly, the exact band structure is depending not
only on the material used, but also on the stoichiometry. Dur-
ing the forming process the stoichiometry of the material un-
der test can change®>-°. This can lead to two different switch-
ing regimes that can be realized using the same devices?*2.
Here, the dominating conduction mechanism can potentially
change. Secondly, choosing the read voltage always is a com-



promise between e.g. on-off ratio and read noise. Yet, the
read voltages preferred by other authors can differ from this
choice341:37:58

VI. CONCLUSIONS

We measured two material systems based on type 1 and
three stacks based on type 2 switching layers. This assign-
ment is confirmed by the I-V characteristic of the respective
devices. A clear correlation between the conduction mecha-
nism and the read noise characteristics is demonstrated. We
saw no ionic noise larger than the available measurement res-
olution for type 1 devices. This causes high SNR values. For
type 2 devices, we saw ionic noise and low SNR values, par-
tially smaller than 1.

Filtering the traces at a specific time after the beginning of
the pulse has no long lasting effect on type 1 devices. For type
2 material systems ionic noise occurs in highly different rates,
leading to different velocities of the CDF to widen up after fil-
tering. This indicates that from the point of view of this study
type 1 material systems are a good match for data storage ap-
plications where read noise should be avoided. Type 2 mate-
rials might be best fitting for probabilistic computing tasks or
as a noise source to prevent overfitting in Al applications. As
the event rate of ionic noise differs for the type 2 material sys-
tems, the frequency of occurrence can be chosen according to
the respective application. Other properties can indicate oth-
erwise.

Based on our results, tuning of the read noise characteristics
should be enabled by the materials design.
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