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Abstract— This letter illustrates short-term relaxation
in CeOx-based resistive random access memory (RRAM)
devices. Our results suggest that the noise of the serial
selector device can impact the short-term relaxation, reduce
the operating window of the RRAM, and increase the read
error. Our findings indicate that the application of longer
initial forming pulses can mitigate the short-term relaxation
issue.

Index Terms— RRAM, reliability, programming algo-
rithms, high-κ dielectrics.

I. INTRODUCTION

RESISTIVERandom Access Memory (RRAM)
technology has potentials for conventional high-density

storage and emerging neuromorphic computation [1]. RRAM
devices made of binary transition metal oxides (TMOs) appear
to be most promising owing to their low switching energy and
compatibility with contemporary foundry processes. Many
materials have been explored for making RRAM devices that
exhibit good device characteristics (e.g. CeOx [2], HfOx [3],
TaOx [4], and TiOx [5]). Despite significant progress, there
are still key fundamental questions that impedes the trans-
formation of RRAMs into a full-fledged device technology.
Among those, there is short-term program instability. This
phenomenon relates to the decay of the resistance state after
applying a programming pulse. The short-term relaxation
occurs at a timescale on the order of μs to a fraction of second.
As such, this phenomenon is different from the retention issues
in long-term reliability. This problem is particularly important
for the implementation artificial neural networks (ANN)
because in these implementations the output is fed back in
short time intervals (e.g. recursive neural network (RNN)) [6].
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Fig. 1. (a) Semilog current density of an MSM diode. The MSM
selector has an NL ratio over 105. (b) The asymmetry of the current
amplitude at the positive and negative polarities is evident from the linear
I-V characteristic. The inset shows the side-view transmission electron
microscope (TEM) image of a 1S1R device.

Fantini et al. [7] has reported the pioneering statistical study of
this problem in HfOx -based RRAMs. Here, we systematically
examine the short-term program instability and its ensuing
reliability issues in our CeOx bilayer RRAM with and
without a selector device. Our selector device is a metal-
semiconductor-metal (MSM) diode, which provides high
non-linearity (NL) ratio and a current density in excess
of (1MA/cm2). The RRAM device is made of CeOx filament
and a sub-stoichiometric HfOx oxygen scavenging layer [8].

II. DEVICE FABRICATION AND EXPERIMENT

In our process, the MSM selector diode and the RRAM
device are stacked vertically. 1S1R devices were fabricated on
Si (111) substrates capped with thermal silicon dioxide. The
bottom electrode (BE) was formed by electron beam (e-beam)
evaporation of 80 nm Ti. Then, an amorphous silicon (a-Si)
layer (about 15 nm) was deposited above the BE by PECVD
at 250◦C. The growth parameters were optimized to produce
nanoscale hydrogenated a-Si thin film, similar to the report
by Moravej et al. [9]. The intermediate electrode (IE) was
formed by e-beam evaporation of 30 nm Ti, followed by the
reactive evaporation of CeOx in oxygen plasma at 0.2 mTorr.
The HfOx layer was formed by plasma-assisted atomic
layer deposition on the top of the CeOx layer [8]. The
I-V characteristics of the MSM selector is shown in Fig. 1.
The asymmetric current in Fig. 1(b) is possibly due to the
different interfacial properties of the front and the bottoms
interfaces. For short-term relaxation studies, we focused
on Incremental Step Pulse Programming (ISPP) [10], [11]
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because it provides better endurance compared with the
open-loop single pulse programming scheme. In our test
setup, we used 200 ns long write and read pulses. The
read pulses were applied for up to 1 s after each successful
SET or RESET. Continuous read pulses provide real-time
information about the fluctuation and the relaxation of the
stored bit in the RRAM device under test, which is important
for understanding the short-term relaxation phenomenon.

III. RESULTS AND DISCUSSION

To examine the effect of the MSM selector on the short-term
relaxation, we compared the post-programming read current
distributions of two structures, namely a one-RRAM (1R)
structure and a one-selector-one-RRAM (1S1R) structure. All
experiments were performed on virgin devices to eliminate the
possible effect of device history on the short-term relaxation
behavior. These devices were preconditioned by switching
50 cycles using ISPP while skipping the continuous read
step. The continuous read steps were disabled during device
preconditioning to avoid possible degradation of the RRAM
operating window. After preconditioning, the devices were
switched once with ISPP, followed by a continuous read step
that lasts up to 1s. This test procedure enabled us to distin-
guish the short-term relaxation from the long-term degradation
induced by repetitive read cycles. The test results of a 1R
device is shown in Fig. 2(a), revealing the presence of two
distinct current states at the low resistance state (LRS) and a
continuum of random states at the high resistance state (HRS).
Fig. 2(b) shows the distribution of the read current for a
1S1R structure. Compared with the 1R structure, the 1S1R
structure demonstrates larger spread in the read currents at
both the HRS and the LRS. These results indicate higher
degradation of the operating window of the 1S1R structures,
which can consequently lead to the increase of the raw read
error rate. The degradation of the operating window is partic-
ularly important for devices with small operating current [12].
Increasing the resistance difference between the HRS and
the LRS is a potential solution for mitigating this problem.
However, we observed that increasing the operating window
of our bilayer CeOx -based RRAMs degrades the endurance
properties of the device. We will discuss this issue in more
details later.

The continuous read procedure affords higher time resolu-
tion, which is important for studying the short-term relaxation
issue. In Figs. 3(a) and (b), with continuous read, we were
able to measure the random telegraph noise (RTN) of the
selector devices. The RTN in an MSM device primarily
originates from the charge trapping at the interfaces between
the metal electrodes and the semiconductor [13]. The data
in Fig. 3 illustrates the dependence of the RTN amplitude
on the current amplitude. Specifically, the fluctuations of the
current noise in HRS is noticeably larger than the LRS. This
noise characteristic of the selector will, therefore, impact the
short-term relaxation behavior of the 1S1R device during HRS
and LRS differently. In Fig. 4 we compare the cumulative
distribution function (CDF) plots for (a) a 1S1R structure, (b)
a 1R device with short (100ns) forming pulses, and (c) a 1R

Fig. 2. Distribution of HRS and LRS read currents for (a) 1R and
(b) 1S1R structures.

Fig. 3. RTN noise of an MSM selector measured at (a) 12.8µA, and
(b) 1µA. The fluctuations of the the current noise is noticeably larger in
HRS. The max noise level is 2% higher than the mean in LRS, while the
max noise level is 35% higher than the mean in HRS.

device with (5μs) long forming pulses. To clearly illustrate the
change in the operating window of these structures, the HRS
curves were plotted in the form of 1− p(x). Further, the probit
unit [14] was used in Fig. 4 because it linearizes a lognormal-
like distribution. The measurement results reveal that the tail
bits of the 1S1R structure in Fig. 4(a) exhibit a narrower gap
than the 1R device in Fig. 4(b). We attribute this to noticeable
fluctuations of the MSM current noise in HRS. The noise of
the MSM diode can, therefore, give rise to the fluctuation of
the voltage drop across the RRAM device in HRS, thereby
increasing to the overall inherent noise of the 1S1R compared
to that of the 1R structure. Since the implementation of the
1S1R structures are pursued for most practical applications,
it is important to consider their short-term relaxation behavior
when designing algorithms for ANN applications.

Next, we examined the effect of the forming pulse duration
on the short-term relaxation behavior of the 1R structures,
shown in Fig. 4(b) and (c). The RRAM device in Fig. 4(b)
was formed using a 100ns long pulse, while the device in
Fig. 4(c) was formed using a 5μs long pulse. The comparison
of the test results in Fig. 4 clearly illustrates the improvement
of the tail bits distribution for the RRAM device formed
using the 5μs long forming pulse. This observation can be
explained using the previously proposed model based on the
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Fig. 4. CDF plots using probit units for (a) 1S1R, (b) 1R with 100ns forming pulse, and (c) 1R with 5µs forming pulse. The arrows labeled "time" in
(a) indicate the temporal progress of the experiment. The horizontal arrows indicate the gap between tail bits of the HRS and the LRS. Probit of the
HRS curves are plotted in a decreasing fashion versus current, while the LRS curves are plotted in an increasing fashion versus current. The read
pulse voltage in (a) is 1.7V because of voltage drop at selector device.

Fig. 5. Effect of the operating window and the forming pulse duration
on the long-term reliability endurance of RRAMs. Devices were subject
to ISPP with a read pulse width of 200ns.

diffusive dynamics [15]–[17]. The thermodynamic stabiliza-
tion is the basis for this model, in which the charged defects
are assumed to relax to a thermal equilibrium state after
biasing the RRAM cell. The use of longer forming pulses is
expected to give rise to the formation of more stable states for
charge defects, thereby mitigating the short-term relaxation
issue. Furthermore, we compared the short-term relaxation
behavior of the bilayer CeOx /HfOx device in Fig. 4(b) with
the HfOx device in [7], indicating faster relaxation of the
bilayer device. We attribute this observation to the increase
of the diffusion pre-factors at the interface of the CeOx and
the HfOx , confirmed by the hybrid density functional theory
and molecular dynamics (DFT-MD) simulations [18].

Lastly, we investigated the effect of the forming pulse
duration on the long-term endurance of the device. Fig. 5
shows the comparison of the endurance behavior for 1R
devices with 100ns forming pulse and 5μs forming pulse.
In addition, we examined the effect of the operating window
on the endurance characteristics of 1R devices, shown in
Fig. 5. The black square curve in Fig. 5 represents a 1R

device operated at typical on-off ratio, which is LRS 20 k�,
HRS 200 k�. The blue diamond curve in Fig. 5 represents a
1R device with intentionally enlarged on-off ratio by setting
switching threshold in ISPP, resulting in LRS of about 1 k�
and HRS of about 1 M�. A 100ns pulse was used for forming
the 1S1R structures. As pointed out earlier, increasing the
operating window can mitigate the short-term relaxation issue.
However, our results indicate the degradation of the endurance
characteristics of the bilayer RRAM device upon increasing
the operating window. Our findings suggest that the use of
longer forming pulses might be a more favorable solution
because it does not compromise the device endurance while
mitigating the short-term relaxation problem.

IV. CONCLUSION

In this work, we examined the short-term program insta-
bility of the 1S1R and the 1R structures using CeOx -based
bilayer RRAM devices. Our results indicate that the 1S1R
structures are more susceptible to the short-term relaxation.
Furthermore, we found out that increasing the forming pulse
width can alleviate the short-term relaxation without compro-
mising the long-term endurance.
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