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ABSTRACT This paper proposes a novel technique for reducing programming time and energy consump-
tion in resistive random access memory (RRAM) arrays based on ramped voltage stress (RVS). RVS
method is correlated to conventional constant voltage stress method (CVS) using an analytical model
validating RVS as a reliable technique for switching time characterization in RRAM arrays. RVS method
is optimized to reduce programming time and energy consumption providing a quantitative and qualitative
link between programming method and tails improvement in memory arrays. Switching time distribution
is much more controlled: half a decade using optimized RVS in comparison with ∼3 decades distribu-
tion using conventional CVS method. Energy consumption is reduced by 4 orders of magnitude at +5σ

quantiles using our proposed technique compared to CVS.

INDEX TERMS Energy consumption, programming time, reliability, resistive random access mem-
ory (RRAM).

I. INTRODUCTION
Resistive random access memory (RRAM) technologies have
experienced an increasing interest as next generation non-
volatile memory devices. Thanks to their scalability [1]
and performances such as fast switching speed [2], high
retention [3], good endurance [4], and great compatibility
with CMOS technology [5], RRAM are believed to become
a good choice for Storage Class Memory (SCM) [6], [7].
Lots of efforts have been done lately trying to identify the
pros and cons of different RRAM technologies at device
level [8]–[12] or memory arrays prototypes [13]–[15]. To
achieve extremely high density, RRAMs need to be con-
nected together into memory arrays. Although sub 10 nm
devices integration has been demonstrated [16], sneak paths
through unselected devices are still an inherent disadvantage.
Authors have proposed to introduce selectors in series with
the switch in the memory cell [17], [18], others have pre-
sented complementary resistive switching (CRS) [19], [20]
to solve the problem. However, technological and physi-
cal comprehension challenges need to be overcome before

considering this solution at an industrial level. Due to its
CMOS compatibility [5] RRAM can be integrated with
a transistor into what is called 1-transistor-1-resistor (1T1R)
array architecture. This structure has been identified as
an efficient solution for sneak path current problem in
memory arrays and it is particularly adapted to embedded
memory applications where lower densities are required.
In this work we use 1T1R configuration to focus on
RRAM behavior without being affected by back-end selector
properties.
With all the features presented above, RRAM is considered

a viable technology for SCMs. However, one of the main
challenges to be overcome before RRAM technologies can
integrate the market is the large programming time (Tprog).
Large programming time affects system performances, in
particular its programming energy.
There have been several studies on switching time charac-

terization for reliability prediction [21]–[24]. Switching time
measurements for RRAMs have been reviewed and compiled
in [25]. For reliability evaluation in RRAM technologies,
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conventional characterization methods for oxides are tradi-
tionally used. Conventional constant voltage stress (CVS) is
widely used to evaluate time to breakdown (tbd) in oxides,
and thus RRAM switching time [26], [27]. On the other
hand, ramp voltage stress (RVS) has been considered as the
workhorse of oxides measurements. It is a fast measurement
method which can provide breakdown strengths of the device
with good resolution [26], [28]. CVS being time and power
consuming, RVS has been widely adopted as a powerful tool
to replace CVS in tbd evaluation.
In [29] the energy dissipation of RRAMs was discussed

and experimentally shown using CVS measurements that
the lowest energy is obtained with the fastest switching
events. Here, in the aim of reducing programming time and
consequently energy consumption in memory arrays, new
programing paradigm is optimized to identify switching time
in RRAM for SET and RESET mode. In this article, we
refer to SET mode as the switching from a high resistive
state (HRS) to a low resistive state (LRS), and RESET as
the switching from LRS to HRS.
Our study is organized as follows: first, based on a compar-

ative study including an analytical model, RVS measurement
method is validated as an efficient method to charac-
terize switching time in RRAM programming schemes.
Afterwards, RVS is optimized to reduce programming time
mean value and dispersion in 4kb 1T1R memory arrays.
Energy consumption is quantified and compared for sev-
eral patterns. Impact of tails is discussed for all investigated
programming schemes.

II. EXPERIMENTAL PROCEDURE
RRAM technology was integrated in 4 kb arrays. The
stack was deposited using Atomic Layer Deposition (ALD)
where 5nm of Hafnium dioxide (HfO2) was deposited on
top of TiN Bottom electrode (BE). Ti/TiN bilayer struc-
ture was deposited as top electrode (TE) by Physical Vapor
Deposition (PVD). Devices are integrated in 1T1R configu-
ration using 130 nm CMOS transistor as selector (figure 1).
Aiming the validation of RVS as an efficient method to
characterize switching time in RRAM devices, we start by
applying CVS method as a reference, CVS being frequently
used to identify the time to breakdown in oxides [26]. In
our study, CVS is used to characterize RRAM switching
time (Tswitch). Then RVS, known as an efficient method to
characterize breakdown voltage [28] is applied for switch-
ing voltage (Vswitch) evaluation. Thus, switching voltage
will be converted to switching time using an analytical
model [21], [28], [30] and compared to switching time in
CVS. The interrelation between CVS and RVS systems has
been discussed in [31], also providing an analytical model.
Measurements are done on 4kb 1T1R arrays. At first, a smart
forming (sequence of increased voltage pulses with 0.1V read
between each pulse) is applied on fresh RRAM devices.
The pattern is stopped once a predefined resistance value
is achieved. Once the devices are formed (pristine state to
LRS), a sequence of 20 RESET/SET pulses are applied to
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FIGURE 1. Scanning Electron Microscopy (SEM) cross section of RRAM cell
integrated on top of Metal 4 level and a schematic representing the 1T1R
device.

FIGURE 2. (a) Schematic of Constant Voltage stress (CVS), various voltages
are applied in our study. (b) Schematic of Ramp Voltage Stress (RVS). Ramp
Rate (RR) is a key factor for fast reliability tests.

ensure cycling ability (preconditioning). CVS and RVS are
applied after preconditioning step.

A. CONSTANT VOLTAGE STRESS (CVS)
In this approach, a constant voltage is applied to the device
under test as shown in figure 2.a. Various voltages are applied
in order to switch devices in both SET and RESET modes.
The current through the device is measured until switching
occurs.
Figure 3.a shows an example of current versus stress time

(I-t) at a given voltage for both SET and RESET. Based
on these curves, characteristics can be extracted. In our
case, based on the technology, a fixed resistance criterion
was chosen to identify switching in the oxide. This method
is well known as a powerful method to assess reliabil-
ity. However, accounting for oxide based RRAM switching
variability [32], its major issue is being time and power
consuming [26].

B. RAMP VOLTAGE STRESS (RVS)
RVS is a fast measurement method which can provide break-
down strength with good resolution. The principle of this
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FIGURE 3. (a) Current time characteristics during CVS measurements in
both SET and RESET modes. Two fixed resistance values switching
criteria were chosen for SET and RESET (respectively 20k� and 60k�)
allowing to extract switching time. (b) Current voltage characteristics for
SET and RESET switching obtained by RVS method. A resistance switching
criterion was fixed for SET. As for RESET, switching is identified based on
the inflection of the IV curves as indicated in the straight red arrow.

FIGURE 4. Switching voltage as a function of RVS Ramp Rate (RR) for SET
and RESET measured on 4kb array. In both cases, switching voltage
increases with RR. Inset: example of switching voltage distribution in
normal scale at a fixed RR. Tight switching voltage distribution is obtained
(0.5V < Vswitch < 0.9V).

method consists in increasing continuously the applied volt-
age until breakdown occurs (figure 2.b). The key factor of
this method is the ramp rate (RR) defined as a constant volt-
age step (�V) over a constant time step (�t). RVS guarantees
switching within a short time compared to CVS. Current
response to the applied voltage is shown in figure 3.b. A fixed
resistance criterion was optimized in order to extract SET and
RESET switching voltage respectively. Figure 4 shows the
increasing trend of switching voltage with RR in both SET
and RESET. Switching voltage presented in Figure 4 is what
the memory device (1R) undergoes in the 1T1R structure.
Taking into account the voltage drop on the selected tran-
sistor, the voltage applied on the RRAM could be extracted.
The inset of figure 4 shows the normal distribution of switch-
ing voltage for a given RR. The gradual voltage increase in
RVS increases programming strength, reducing the impact
of intrinsic RRAM switching time dispersion as it will be
discussed in the next section. In the following, Vswitch will
refer to the RRAM voltage.

III. RESULTS AND DISCUSSION
To evaluate RVS as an efficient method for characteriz-
ing switching time in memory devices, switching voltage

FIGURE 5. (a) and (b) Switching time vs switching voltage characteristics
for SET and RESET, respectively. Black squares represent the switching time
extracted from CVS measurements (TswitchCVS) at a given applied voltage
(switching voltage) as shown in the schematic top of (c). Red circles
represent the calculated switching time using the analytical model based
on the extracted switching voltage from RVS measurements as shown in
the model representation (c). Each time step �t at a given voltage Vi can
be converted to an equivalent effective time (teff ) at a constant effective
voltage (Veff ) in CVS. Blue triangles are the switching time directly
extracted from RVS measurements (Tswitch RVS) using the non-cumulative
effect based on calculated effective time per step as shown in (c). The step
where the switching occurs contributes to up to 85% of the stress time.
The initial time t = 0s is fixed at the beginning of the step where the
switching occurs. Error bars represents ±1σ statistics in all cases. (c) from
top to bottom, the extraction method in CVS measurements,
schema representing the analytical model detailed in Section III-A, the
effective time spent by step in RVS at an equivalent constant voltage in CVS
and finally the RVS direct Tswitch extraction based on the non-cumulative
effect. (d) Examples of distributions in normal scale for measured
switching time in CVS (Tswitch CVS) at a given voltage (black empty circles)
and converted time (red crosses) based on the analytical model (RVS
switching voltage to effective CVS switching time) for both SET and RESET.

needs to be converted to an effective CVS switching time.
Figure 5.a and b show the power law voltage time rela-
tion (black squares for CVS measurements). The power
law acceleration model has been adopted as the best fit
in ultrathin oxides [33], [34]:

t1 = t2

(
V2

V1

)n

(1)

where t1, t2 and V1, V2 are respectively switching times and
voltages for two different CVS measurements. Exponential
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law for tbd voltage dependence has been historically used
for reliability extrapolation. However, this law becomes ques-
tionable for ultra-thin oxides. Wu et al. have demonstrated
that tbd (V) exponential law can yield unphysical results [34],
hence our choice of power law.

A. ANALYTICAL MODEL
RVS method is equivalent to a series of discrete CVS with
linearly ascending voltage (figure 5.c). Each time step �t at
a given voltage Vi can be converted to an equivalent effective
time (teff ) at a constant effective voltage (Veff ) as in [30].

teff = �t
(
Vi
Veff

)n

(2)

By integrating all RVS time steps (�t) until switching
voltage, we can obtain the equivalent switching time for an
effective voltage in CVS:

Tswitch = Veff

RR (n+ 1)

(
Vswitch
Veff

)n+1

(3)

Vswitch is the switching voltage in RVS for a given ramp rate
RR. n can be extracted from power law fitting (1) for CVS
measurements in figure 5.a and b (13 for SET and 18 for
RESET). As we can clearly see, the calculated switching time
based on the presented model using RVS measurements are
in perfect match with CVS measurements in both SET and
RESET modes (red circles in figure 5.a and b).
As effective time increases with Vi at each step in RVS

according to (2), we have noticed that the step time where the
switching occurs presents the highest contribution to the total
calculated switching time. In Figure 5.c we show an example
of calculated effective time per step (a graphical illustration
of equation (2)) where we can clearly see that the step where
switching occurs in RVS contributes to up to 85% of total
stress time. In other word, �t of the step where the switching
occurs dominates total stress time. Based on this observation,
we consider that RRAM device undergoes electric stress only
at the step where Vswitch occurs. Therefore, switching time
can directly be extracted at 1st order from RVS measurements
by considering a non-cumulative effect.
The initial time t = 0s is fixed at the beginning of the

step where Vswitch is detected (inset of figure 5.c).
This method can be considered as a reliable approx-

imation for Tswitch extraction as can be noticed in fig-
ure 5.a and b. Switching time directly extracted from
RVS measurements (blue triangles in figure 5.a and b)
shows a very good agreement with switching time mea-
sured by CVS and calculated based on RVS. Figure 5.d
presents distributions examples in normal scale for measured
switching time (CVS) and converted time (RVS switch-
ing voltage to effective CVS switching time) for both SET
and RESET.
Moreover, based on the error bars in figure 5 a and b and

the cumulative distributions in figure 5 d, we can clearly
see the impact of intrinsic RRAM variability on switching
time (up to three orders of magnitude variation). On the other

hand, due to the tight distribution of switching voltage using
RVS method (inset of figure 4), the variance of switching
time using this method is drastically reduced [32] as we can
clearly see based on the error bars of the time extracted from
RVS (blue curves in figure 5 a and b).
Based on these results, it is possible to quantify RRAM

performances in terms of programming speed depending on
the applied voltage. Moreover, investigations at lower volt-
ages allow to analyze RRAM intrinsic immunity to read
disturb, and to extrapolate the maximum number of read-
ing operations a RRAM technology can sustain for a given
reading voltage and time before failure.

B. RVS TO REDUCE PROGRAMMING TIME
As shown in the previous section, RVS can be consid-
ered as an efficient and fast [26] method to characterize
switching time in RRAM arrays. According to experimental
results coupled to phenomenological model observations, this
method is confirmed as a powerful tool to extract (Vswitch,
Tswitch) without specific conversion need. In this section, we
show how, based on the chosen RRAM technology and the
size of the memory array, optimizing RVS could lead to
programming time reduction.
As clearly noticed in our experimental results, conven-

tional CVS method leads to wide switching time spread (up
to 3 decades spread at ±2σ in figure 5.d). On the other hand,
as clearly seen in the inset of figure 4, Vswitch distribution is
very tight in RVS (0.5V< Vswitch < 0.9V for 99% of RRAM
cells). Based on this advantage, RVS is optimized to reduce
programming time as follows:
- First, RR is aggressively increased.
- Second, knowing RRAM switching voltage distribution,

ramp starting voltage can be chosen depending on the size
of the memory array.
Figure 6.a shows the distribution of Vswitch of an RVS

measurement for RR=140kV/s in RESET mode (blue
dots). For ±2σ statistics, Vswitch spread is of the order of
0.25V. Start and stop points are identified. RVS measure-
ment consists in a ramp where a voltage is increasing with
time (V-t relationship). In this case, the time spent between
0 and 0.5V is wasted, since the fastest device in the array
switches at 0.5V.
Moreover, for +2σ statistics, the slowest device in the

array switches around 0.75V. Thus, for the chosen technology
(HfO2/Ti) at ±2σ (representing the aimed size of the array)
we need to apply a ramp voltage pattern between 0.5V and
0.75V to switch all the devices. Voltage above 0.75V could
induce an unwanted electrical stress leading to potentially
degraded reliability and higher power consumption. The red
line shows the Normal spread of the switching voltage. Based
on this trend, for a given technology at a given RR, start
and stop voltages could be extracted for any given memory
array size (figure 6.a). In Figure 6.b and c we can clearly see
the impact of optimized RVS (Vstart > 0 and Vstop < Vmax)
on programming time spread compared to conventional CVS

VOLUME 6, 2018 699



SASSINE et al.: NOVEL COMPUTING METHOD FOR SHORT PROGRAMMING TIME AND LOW ENERGY CONSUMPTION

FIGURE 6. (a) Switching voltage distribution in normal scale extracted
from RVS measurements on kb array at RR=140kV/s. the first switching
point is situated around 0.5V. As RVS measurement consists in a ramp
where a voltage is increasing with time, the time spent below 0.5V is
wasted (below 0.5V is not needed for switching). On the other hand for
a given memory size (± n*σ ), ±2σ in this example, voltage above 0.75V is
not needed because all of the aimed cells have switched before. Based on
the normal trend of switching voltage distribution (red line) the starting
and stopping voltages are extracted for different memory array size (up to
1Gb in this example) (b) and (c) represent the distribution of programming
time measured by conventional CVS method and the optimized RVS
method for SET and RESET respectively. The optimized RVS method gives
one order of magnitude improvement of programming time at median and
5 order of magnitude improvement of tails @ + 2σ . On the right side, the
schema of patterns used in this study.

method. In these measurements, voltage ramp was applied
between 0.5V and 0.75V as illustrated in the inset of figure 6.
While up to one decade decrease of programming time

at median level is noticed using our method compared to
CVS, a huge tails improvement is observed at ±2σ statis-
tics. Programming time spread is more than 3 times lower
(3 decades vs half a decade for CVS and RVS respectively)
for SET and RESET. In summary, typical programming time
standard deviation in CVS is 2 × 10−4s. On the other hand,
with optimized RVS, programming voltage standard devi-
ation is 0.5V, what corresponds to a programming time
standard deviation pf 2.7 × 10−6 assuming RR=140kV/s.

FIGURE 7. (a) and (b) show how by increasing RR in RVS pattern we
decrease the programming time in RRAM array for both RESET and SET.

This result clearly demonstrates the advantage of RVS for
fast RRAM programming efficiency.
In figure 7.b and 7.c we can clearly notice the impact

of ramp speed on programming time in RRAM matrices.
The fastest the RR is, the lower the programming time
gets. In particular, about one decade of programming time
improvement is reached when RR is increased from 15kV/s
to 140kV/s in both SET and RESET operations.

C. ENERGY CONSUMPTION
In this section we discuss how reducing programming time
impacts the energy consumption in RRAM arrays.
Energy consumption is estimated at the first order by [35]:

E = Vswitch ∗ Iprog ∗ Tprog (4)

Vswitch and Iprog being the programing voltage and current,
respectively, and Iprog the highest current during the switch-
ing process. During SET, current is low as RRAM is initially
in the high resistive state before switching. During RESET,
RRAM is initially ON and the programming current flows
through the device. Energy consumption increases with pro-
gramming time increase. Based on the results obtained with
the optimized RVS pattern, energy consumption in SET
and RESET was calculated (figure 8). Comparison is made
between optimized RVS and CVS. Two advantages of opti-
mized RVS over CVS could be identified: 1) more than one
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FIGURE 8. (a) and (b) Programming time and corresponding calculated
energy consumption in RRAM array for SET and RESET using CVS and
optimized RVS. While more than 3 decades improvement of programming
time at bit tails (+5σ ) using the optimized RVS method, more than 4 order
of magnitude difference of energy consumption is obtained between
conventional CVS and the proposed RVS programming at +5σ in SET and
RESET.

order of magnitude of median energy consumption reduction
for both SET and RESET. 2) Huge tail reduction in RVS,
up to 4 orders of magnitude improvement at +5σ statistics
could be identified.
In this comparative study RR=140kV/s (total pattern

duration = 3µs) is used in RVS method. Based on (4), using
50ns plateau durations leads to lower energy consumption
(500 fJ and 1pJ for SET and RESET respectively [32]).
Reducing tails consumption is a key factor toward inte-
grating a technology in large-scale arrays. Moreover, we
believe that for energy consumption reduction, reducing
programming time is more effective than reducing pro-
gramming current [32], [34]. While the impact of the
proposed programming method on performances such as
endurance and retention stability needs to be deeply stud-
ied, we believe that our method could represent a solution
for reducing programming time and energy consumption in
RRAM arrays. In particular, we demonstrated in [36] that

optimized RVS patterns with reduced voltage range sig-
nificantly improves RRAM endurance due to lower stress
applied to the RRAM stack.

IV. CONCLUSION
This paper discussed RVS technique for switching time
characterization of RRAM kb arrays. Correlation with
CVS method was found using a phenomenological model.
Subsequently, RVS technique was optimized by adjusting
start (>0) and stop (<Vmax) voltages depending on the cho-
sen technology and the memory array size. This new method
improves programming time and reduces the tails in RRAM
arrays for SET and RESET. Thus, switching time distri-
bution is lowered from 3 decades to half a decade using
optimized RVS patterns. Finally, energy consumption was
reduced by 4 orders of magnitude in RRAM arrays at +5σ

statistics. Using this programming method with aggressive
RR (∼ 50ns pattern time could reduce energy consumption
to sub pJ.

REFERENCES
[1] Y. Lu, J. H. Lee, and I.-W. Chen, “Scalability of voltage-controlled

filamentary and nanometallic resistance memory devices,” Nanoscale,
vol. 9, pp. 12690–12697, Jul. 2017, doi: 10.1039/C7NR02915B.

[2] A. C. Torrezan, J. P. Strachan, G. Medeiros-Ribeiro, and
R. S. Williams, “Sub-nanosecond switching of a tantalum oxide
memristor,” Nanotechnology, vol. 22, no. 48 pp. 485203–485209,
Nov. 2011, doi: 10.1088/0957-4484/22/48/485203.

[3] H.-S. P. Wong et al., “Metal–oxide RRAM,” Proc. IEEE, vol. 100,
no. 6, pp. 1951–1970, Jun. 2012, doi: 10.1109/JPROC.2012.2190369.

[4] M.-J. Lee1 et al., “A fast, high-endurance and scalable non-volatile
memory device made from asymmetric Ta2O(5-x)/TaO(2-x) bilayer
structures,” Nat. Mater. vol. 10, no. 8, pp. 625–630, Jul. 2011,
doi: 10.1038/nmat3070.

[5] S. Yu, H.-Y. Chen, B. Gao, J. Kang, and H.-S. P. Wong, “HfOx-based
vertical resistive switching random access memory suitable for bit-
cost-effective three-dimensional cross-point architecture,” ACS Nano,
vol. 7, no. 3, pp. 2320–2325, Feb. 2013, doi: 10.1021/nn305510u.

[6] E. Shiu and S. Lim, “Driving innovation in memory architecture of
consumer hardware with digital photography and machine intelligence
use cases,” in Proc. IEEE Int. Memory Workshop (IMW), Monterey,
CA, USA, 2017, pp. 1–6, doi: 10.1109/IMW.2017.7939078.

[7] K. Prall, “Benchmarking and metrics for emerging memory,” in Proc.
IEEE Int. Memory Workshop (IMW), Monterey, CA, USA, 2017,
pp. 1–5, doi: 10.1109/IMW.2017.7939072.

[8] G. Sassine et al., “Interfacial versus filamentary resistive switching in
TiO2 and HfO2 devices,” J. Vacuum Sci. Technol. B Nanotechnol.
Microelectron. Mater. Process. Meas. Phenomena, vol. 34, no. 1,
pp. 1–6, Jan./Feb. 2016, doi: 10.1116/1.4940129.

[9] G. Sassine et al., “Memristor device characterization by scan-
ning microwave microscopy,” in Proc. Int. Conf. Manipulat. Autom.
Robot. Small Scales (MARSS), Montreal, QC, Canada, 2017, pp. 1–4,
doi: 10.1109/MARSS.2017.8016537.

[10] C. Nail et al., “A link between CBRAM performances and mate-
rial microscopic properties based on electrical characterization and
atomistic simulations,” IEEE Trans. Electron Devices, vol. 64, no. 11,
pp. 4479–4485, Nov. 2017, doi: 10.1109/TED.2017.2750910.

[11] C. Nail et al., “Atomistic mechanisms of copper filament forma-
tion and composition in Al2O3-based conductive bridge random
access memory,” J. Appl. Phys., vol. 122, no. 2, pp. 1–7, Jul. 2017,
doi: 10.1063/1.4990979.

[12] S. K. Z. Rahaman et al., “Scalability and reliability issues of
Ti/HfOx-based 1T1R bipolar RRAM: Occurrence, mitigation, and
solution,” Appl. Phys. Lett., vol. 110, no. 21, pp. 1–5, May 2017,
doi: 10.1063/1.4983834.

VOLUME 6, 2018 701

http://dx.doi.org/10.1039/C7NR02915B
http://dx.doi.org/10.1088/0957-4484/22/48/485203
http://dx.doi.org/10.1109/JPROC.2012.2190369
http://dx.doi.org/10.1038/nmat3070
http://dx.doi.org/10.1021/nn305510u
http://dx.doi.org/10.1109/IMW.2017.7939078
http://dx.doi.org/10.1109/IMW.2017.7939072
http://dx.doi.org/10.1116/1.4940129
http://dx.doi.org/10.1109/MARSS.2017.8016537
http://dx.doi.org/10.1109/TED.2017.2750910
http://dx.doi.org/10.1063/1.4990979
http://dx.doi.org/10.1063/1.4983834


SASSINE et al.: NOVEL COMPUTING METHOD FOR SHORT PROGRAMMING TIME AND LOW ENERGY CONSUMPTION

[13] S.-S. Sheu et al., “A 4Mb embedded SLC resistive-RAM macro
with 7.2ns read-write random-access time and 160ns MLC-access
capability,” in IEEE Int. Solid State Circuits Conf. Dig. Tech.
Papers (ISSCC), San Francisco, CA, USA, Feb. 2011, pp. 200–202,
doi: 10.1109/ISSCC.2011.5746281.

[14] R. Fackenthal et al., “A 16Gb ReRAM with 200MB/s write and 1GB/s
read in 27nm technology,” in IEEE Int. Solid State Circuits Conf.
Dig. Tech. Papers (ISSCC), San Francisco, CA, USA, Feb. 2014,
pp. 338–339, doi: 10.1109/ISSCC.2014.6757460.

[15] A. Kawahara et al., “An 8 Mb multi-layered cross-point
ReRAM macro with 443 MB/s write throughput,” IEEE J.
Solid-State Circuits, vol. 48, no. 1, pp. 178–185, Jan. 2013,
doi: 10.1109/JSSC.2012.2215121.

[16] M. Prezioso et al., “Training and operation of an integrated neuro-
morphic network based on metal-oxide memristors,” Nature vol. 521,
pp. 61–64, May 2015, doi: 10.1038/nature14441.

[17] B. J. Choi et al., “Trilayer tunnel selectors for memristor mem-
ory cells,” Adv. Mater., vol. 28 no. 2, pp. 356–362, Nov. 2015,
doi: 10.1002/adma.201503604.

[18] W. G. Kim et al., “NbO2-based low power and cost effective 1S1R
switching for high density cross point ReRAM application,” in Symp.
VLSI Technol. (VLSI-Technology) Dig. Tech. Papers, Honolulu, HI,
USA, 2014, pp. 1–2, doi: 10.1109/VLSIT.2014.6894405.

[19] J. Smith, S. Chung, J. Jang, C. Biaou, and V. Subramanian,
“Solution-processed complementary resistive switching arrays for
associative memory,” IEEE Trans. Electron Devices, vol. 64, no. 10,
pp. 4310–4316, Oct. 2017, doi: 10.1109/TED.2017.2732920.

[20] E. Linn, R. Rosezin, C. Kügeler, and R. Waser, “Complementary
resistive switches for passive nanocrossbar memories,” Nat. Mater.,
vol. 9, pp. 403–406, Apr. 2010, doi: 10.1038/nmat2748.

[21] W.-C. Luo, K.-L. Lin, J.-J. Huang, C.-L. Lee, and T.-H. Hou, “Rapid
prediction of RRAM RESET-state disturb by ramped voltage stress,”
IEEE Electron Device Lett., vol. 33, no. 4, pp. 597–599, Apr. 2012,
doi: 10.1109/LED.2012.2185838.

[22] S. Van Beek et al., “Four point probe ramped voltage stress as an
efficient method to understand breakdown of STT-MRAMMgO tunnel
junctions,” in Proc. IEEE Int. Rel. Phys. Symp., Monterey, CA, USA,
2015, pp. MY.4.1-MY.4.6, doi: 10.1109/IRPS.2015.7112818.

[23] Y.-T. Chung, P.-C. Su, W.-J. Lin, M.-C. Chen, and T. Wang,
“SET/RESET cycling-induced trap creation and SET-disturb fail-
ure time degradation in a resistive-switching memory,” IEEE Trans.
Electron Devices, vol. 63, no. 6, pp. 2367–2373, Jun. 2016,
doi: 10.1109/TED.2016.2555333.

[24] Z. Chen et al., “Disturbance characteristics of half-selected
cells in a cross-point resistive switching memory array,”
Nanotechnology, vol. 27, no. 21, pp. 1–8, Apr. 2016,
doi: 10.1088/0957-4484/27/21/215204.

[25] S. Menzel, U. Böttger, M. Wimmer, and M. Salinga “Physics
of the switching kinetics in resistive memories,” Adv.
Functional Mater., vol. 25, no. 40, pp. 6306–6325, Jun. 2015,
doi: 10.1002/adfm.201500825.

[26] A. Martina, P. O’Sullivan, and A. Mathewson, “Dielectric reliability
measurements methods: A review,” Microelectron. Rel., vol. 38, no. 1,
pp. 37–72, Feb. 1998, doi: 10.1016/S0026-2714(97)00206-0.

[27] B. H. Lee et al., “Validity of constant voltage stress based reliability
assessment of high-κ devices,” IEEE Trans. Device Mater. Rel., vol. 5,
no. 1, pp. 20–25, Mar. 2005, doi: 10.1109/TDMR.2005.845807.

[28] A. Kerber, L. Pantisano, A. Veloso, G. Groeseneken, and M. Kerber,
“Reliability screening of high-k dielectrics based on voltage
ramp stress,” Microelectron. Rel., vol. 47, nos. 4–5, pp. 513–517,
Apr./May 2007, doi: 10.1016/j.microrel.2007.01.030.

[29] K. Fleck et al., “Energy dissipation during pulsed switch-
ing of strontium-titanate based resistive switching memory
devices,” in Proc. 46th Eur. Solid State Device Res. Conf.
(ESSDERC), Lausanne, Switzerland, Sep. 2016, pp. 160–163,
doi: 10.1109/ESSDERC.2016.7599611.

[30] A. Aal, “TDDB data generation for fast lifetime projections based on
V-ramp stress data,” IEEE Trans. Device Mater. Rel., vol. 7, no. 2,
pp. 278–284, Jun. 2007, doi: 10.1109/TDMR.2007.901091.

[31] K. Fleck, U. Böttger, R. Waser, and S. Menzel, “Interrelation of sweep
and pulse analysis of the SET process in SrTio3 resistive switching
memories,” IEEE Electron Device Lett., vol. 35, no. 9, pp. 924–926,
Sep. 2014, doi: 10.1109/LED.2014.2340016.

[32] G. Sassine et al., “Sub-pJ consumption and short latency time in
RRAM arrays for high endurance applications,” in Proc. IEEE Int.
Rel. Phys. Symp. (IRPS), 2018.

[33] E. Y. Wu and J. Suñé, “Power-law voltage accelera-
tion: A key element for ultra-thin gate oxide reliability,”
Microelectron. Rel., vol. 45, no. 12, pp. 1809–1834, Dec. 2005,
doi: 10.1016/j.microrel.2005.04.004.

[34] E. Y. Wu et al., “Experimental evidence of TBD power-law for volt-
age dependence of oxide breakdown in ultrathin gate oxides,” IEEE
Trans. Electron Devices, vol. 49, no. 12, pp. 2244–2253, Dec. 2002,
doi: 10.1109/TED.2002.805606.

[35] C. Cagli et al., “Study of the energy consumption optimization
on RRAM memory array for SCM applications,” in Proc. IEEE
Int. Memory Workshop (IMW), Monterey, CA, USA, 2017, pp. 1–4,
doi: 10.1109/IMW.2017.7939106.

[36] G. Sassine, D. A. Robayo, J. F. Nodin, G. Molas, and E. Nowak,
“Optimizing programming energy for improved RRAM reliability for
high endurance applications,” in Proc. IEEE Int. Memory Workshop
(IMW), 2018.

GILBERT SASSINE, photograph and biography not available at the time of
publication.

CARLO CAGLI, photograph and biography not available at the time of
publication.

JEAN-FRANÇOIS NODIN, photograph and biography not available at the
time of publication.

GABRIEL MOLAS, photograph and biography not available at the time of
publication.

ETIENNE NOWAK, photograph and biography not available at the time of
publication.

702 VOLUME 6, 2018

http://dx.doi.org/10.1109/ISSCC.2011.5746281
http://dx.doi.org/10.1109/ISSCC.2014.6757460
http://dx.doi.org/10.1109/JSSC.2012.2215121
http://dx.doi.org/10.1038/nature14441
http://dx.doi.org/10.1002/adma.201503604
http://dx.doi.org/10.1109/VLSIT.2014.6894405
http://dx.doi.org/10.1109/TED.2017.2732920
http://dx.doi.org/10.1038/nmat2748
http://dx.doi.org/10.1109/LED.2012.2185838
http://dx.doi.org/10.1109/IRPS.2015.7112818
http://dx.doi.org/10.1109/TED.2016.2555333
http://dx.doi.org/10.1088/0957-4484/27/21/215204
http://dx.doi.org/10.1002/adfm.201500825
http://dx.doi.org/10.1016/S0026-2714(97)00206-0
http://dx.doi.org/10.1109/TDMR.2005.845807
http://dx.doi.org/10.1016/j.microrel.2007.01.030
http://dx.doi.org/10.1109/ESSDERC.2016.7599611
http://dx.doi.org/10.1109/TDMR.2007.901091
http://dx.doi.org/10.1109/LED.2014.2340016
http://dx.doi.org/10.1016/j.microrel.2005.04.004
http://dx.doi.org/10.1109/TED.2002.805606
http://dx.doi.org/10.1109/IMW.2017.7939106


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Helvetica
    /Helvetica-Bold
    /HelveticaBolditalic-BoldOblique
    /Helvetica-BoldOblique
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryITCbyBT-MediumItal
    /ZapfChancery-MediumItalic
    /ZapfDingBats
    /ZapfDingbatsITCbyBT-Regular
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Recommended"  settings for PDF Specification 4.01)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


