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Abstract Variations in the switching threshold voltage of
memristive devices present significant challenges for their
integration into large-scale circuits. In this paper, we pro-
pose to address this problem by adding a device exhibit-
ing S-type (N-type) negative differential resistance (NDR)
in series (parallel) with memristive devices. The main ef-
fect comes from the transition between low- and high-
conductivity branches of the NDR device, which leads to
a redistribution of the voltage drop inside the device stack,
and, as a result, the effective lowering of variations in the
switching threshold. The idea is checked experimentally us-
ing a TiO2−x memristive device connected in parallel with a
tunnel GaAs diode.

1 Introduction

Thin film devices exhibiting resistive switching (“memris-
tive” [1]) effect [2–5] have a potential to significantly im-
prove performance for a variety of applications, includ-
ing digital memories, reconfigurable digital and analog,
and neuromorphic computing circuits—see, e.g., recent re-
views in Refs. [6–10]. While some of the applications, such
as artificial neural networks, are to some extent defect-
and variation-tolerant [6, 11], the performance of others is
greatly impacted by variations in I–V characteristics of the
memristive devices.

In the context of passive crossbar circuits [6, 9, 10], vari-
ations in the switching threshold are particularly trouble-
some. For example, Fig. 1 shows superimposed “SET” tran-
sitions of eight switching cycles for six TiO2−x devices. All
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the devices are implemented with an e-beam defined protru-
sion (inset of Fig. 1a) to improve yield and reduce variations
in switching behavior. While this technique has led to much
better devices (as compared to those without artificial fila-
ment [12]), there are still significant variations across dif-
ferent devices and even dispersion in I–V characteristics for
different switching cycles for the same device. (Such vari-
ations are somewhat representative and similar to the other
reported data [5, 6].)

In principle, a much larger voltage (as compared to the
threshold one) could be applied in order to force a SET tran-
sition with high fidelity in the presence of such variations.
For example, for the statistics in Fig. 1, the write voltage
Vw � 2.2 V would be needed to ensure that the selected
device will be set at all times. On the other hand, half of
the write voltage is applied to half-selected devices in dense
passive crossbar structures [6]—e.g. devices 2 and 3 in the
Fig. 1b inset. For the switching threshold statistics, the half
bias Vw/2 ≈ 1.1 V should not disturb the devices with the
smallest switching threshold (which is about 1.25 V from
Fig. 1). However, the tails in the switching threshold dis-
tribution will be certainly broader when larger statistics are
considered. That means that, in a more realistic scenario,
larger voltages should be applied to ensure SET switching
and that there will always be half-selected devices which
would be set inadvertently.

For example, assuming that the voltage threshold is nor-
mally distributed with μ = 1.66 and σ = 0.28, voltage
VSET∗ ≈ μ + √

2σ erfc−1(1 − 2/N) ≈ 2.46 V is needed
to ensure only one failure on average in N = 103 writes,
which would be equivalent to one error per second on av-
erage when writing the device every 1 ms. This means that
above 0.5 + 0.5 erf[(VSET∗

2 − μ)/
√

2σ ] ≈ 0.095 fraction of
half-selected devices will be disturbed in each write opera-
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Fig. 1 (a) Typical SET switching of TiO2−x devices: (bottom) 48
superimposed I–Vs showing SET transitions and (b) histogram for
apparent switching threshold voltage. In particular, six devices have
been tested and each color represents 8 SET switching transitions
for the same device. The insets in the top and bottom panels show
schematic representations of the device and a 2 × 2 passive crossbar
circuit explaining the half-select problem, correspondingly. Saturation
at ∼0.7 mA is due to current compliance

tion, which might be unacceptable for the proper memory
operation.

The situation is further exacerbated by the fact that the
rate of switching is typically (super) exponentially depen-
dent on applied voltage [13], which is certainly true for the
devices considered in this paper [12], so that the notion of a
voltage threshold is just a convenient simplification. The ef-
fect of gradual change of the memristive state is neglected in
the example above, and so in reality the fraction of disturbed
devices would be even larger.

2 Main idea and experimental results

Figure 2 explains the proposed technique for lowering
threshold variations. Suppose that a voltage bias ramp is ap-
plied across the device stack consisting of S-type NDR and
memristive devices connected in series (Fig. 2a). Assum-
ing particular I–V characteristics of the NDR and memris-
tive devices chosen for the demonstration in Fig. 2a, at first
the voltage is mostly dropped across the NDR layer. Upon
increasing the external voltage (to about 1 V), the voltage

Fig. 2 Illustration of the threshold voltage variation reduction tech-
nique for (a) S-type and (b) N-type NDR devices, respectively. In both
panels red lines show INDR(VNDR) of the NDR devices, where VNDR
and INDR are voltage drop and current via the NDR device, respec-
tively, shown in arbitrary units. A pair of blue (one green) lines show
I (V − VNDR) on (a) and V (I − INDR) on (b) for OFF (ON) states of
memristive devices, correspondingly. A pair of blue lines corresponds
to two values of applied voltage (a) or current (b) before and during
the transition between different current branches in the NDR device.
Points P , V denote peak and valley positions on the I–Vs of the NDR
devices

drop across the NDR device reaches peak value (point P

at Fig. 2a). At this moment, a transition from a high- to
low-resistive branch of the NDR device occurs, which leads
to an increase (from about 0.15 V to 0.95 V in Fig. 2a) in
voltage across the memristive device. This transition is fol-
lowed immediately by switching to the ON state (i.e. the
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SET transition) if the new voltage across the memristive de-
vice is larger than the threshold one. Therefore, the overall
effect due to such internal redistribution of the voltage be-
tween the NDR and memristive devices is a sharp increase in
voltage from some low value (ideally zero voltage) to some
large value (ideally the external voltage) across the mem-
ristive device. In the context of the half-select problem, the
resulting step-like external—internal voltage transfer char-
acteristics helps to ensure negligible internal voltage across
the half-selected memristive devices when sufficiently large
voltage is applied to switch the selected device.

There are plenty of physical mechanisms to achieve an S-
type NDR, e.g. due to Joule heating [14], interband tunnel-
ing [15, 16], and instabilities in electronic conductions [17,
18]—see e.g. the comprehensive review in Refs. [19, 20].
Moreover, S-type NDR features could be intrinsic to the
memristive devices in some cases [21, 22]. However, be-
cause S-type discrete integrated circuit components are not
readily available, we have experimentally checked the pro-
posed concept using GaAs Esaki diodes [23], which feature
N-type NDR characteristics. In this case, to have a similar
effect of voltage redistribution, N-type NDR and memris-
tive devices are connected in parallel and driven by a cur-
rent source (Fig. 2b). For demonstration, we used in-house
fabricated TiO2−x memristive devices. The fabrication con-
ditions for memristive devices are similar to previously re-
ported results [12], except that we used a nanoscale protru-
sion technique to improve yield and lower variations in the
memristive devices. In particular, before deposition of the
top electrode, a nanohole, which is 30 nm deep and about
50 nm in diameter, was locally defined by e-beam lithogra-
phy on top of the TiO2 film. The photoresist was used as a
mask for dry etching of the nanohole into the TiO2 layer.
The top electrode was then deposited by e-beam evapora-
tion.

Figure 3a shows the SET switching transitions when the
device stack (i.e. the N-type NDR device in parallel with
the memristive device shown in Fig. 2b) is driven by the
current-controlled source. Upon application of the current
ramp, there is a transition between low- and high-current
branches of the GaAs device, which leads to a momentary
increase in the external (measured) voltage by about 1 volt
across the stack, and switching to the ON state of the mem-
ristive devices for most of the cases. Since the change in ex-
ternal voltage is only present in a current-controlled switch-
ing setup, Fig. 3a is redrawn by removing the voltage in-
crease (shown schematically as �V in Fig. 2b) in Fig. 3b to
highlight the effect of tightening of variations. A very crude
estimate shows that for the same VSET∗ = 2.46 V the fraction
of the disturbed devices is greatly reduced, potentially to be-
low <10−10, again assuming normally distributed statistics
for the SET switching threshold.

Fig. 3 Current-controlled SET switching I–Vs for memristive devices
connected in parallel with GaAs N-type NDR devices (Esaki diode):
(a) measured I–V curves via the memristive device and (b) the same
I–V curves but with the removed voltage increase shown on panel (a).
The inset of (a) shows measured current through the GaAs NDR device
as a result of the voltage sweep

3 Discussion and summary

The SET process is typically variation-prone, in part due to
very strongly nonlinear switching dynamics, and that is why
in this paper we focused on lowering variations for the SET
transition. In case RESET variations are not negligible, one
solution would be to perform a write operation by first re-
setting all devices in the crossbar and then setting specific
ones—just like in NAND flash memories. Since the RESET
operation has to be performed for all devices, in this case the
half-select problem will not be an issue, and one can simply
use a large enough voltage to enforce RESET.

Another simplification is that the demonstration in our
paper involves an N-type discrete device. In order for this
technique to be practical, an S-type NDR element with di-
mensions matching the memristive device and specific pa-
rameters must be utilized. Most importantly, such an S-type
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device should offer high-current density and provide suit-
able voltage/current peak and valley values. Also, for bipo-
lar devices such an S-type NDR device should have high
conductance for the negative voltages so that it does not in-
terfere with the RESET transition. In addition, NDR devices
should have significantly lower variations as compared to
those of memristive devices. Whether such an S-type device
can be engineered remains to be seen, though the variety
of plausible mechanisms reported in the literature [19, 20]
seems to be very encouraging.

It is also worth noting that, in principle, adding a nonlin-
ear element in series [24, 25] would increase voltage thresh-
old and, therefore, relax the problem of disturbing half-
selected devices; however, it will also require applying large
voltages and hence will increase dynamic power consump-
tion for read and write operations. On the contrary, at least
for the demonstrated case there is no increase in the oper-
ating voltage. Also, note that the suggested idea is different
from the one in which the NDR device is used to provide
select functionality [26–29], even though the device stack
is essentially the same (i.e. an S-type NDR device in series
with a memristive device). The main idea of using NDR as a
select element is to decrease the leakage currents by increas-
ing nonlinearity in the crosspoint device I–V.

To summarize, in this paper we propose a novel approach
to addressing switching threshold variation problems by in-
tegrating an additional element exhibiting negative differ-
ential resistance characteristics (NDR) in the device stack.
Such an approach allows for significant reduction in the dis-
persion of the switching threshold for the combined device
stack and, in general, can be used synergistically with more
conventional techniques for coping with variations, such as
localizing the active switching area by defining an artificial
protrusion and/or reducing the size of the electrodes.

Acknowledgements This work was supported by the Air Force Of-
fice of Scientific Research (AFOSR) under the MURI grant FA9550-
12-1-0038.

References

1. L.O. Chua, S.M. Kang, Memristive devices and systems. Proc.
IEEE 64, 209–223 (1976)

2. R. Waser, R. Dittman, G. Staikov, K. Szot, Redox-based resis-
tive switching memories—nanoionic mechanisms, prospects, and
challenges. Adv. Mater. 21, 2632–2663 (2009)

3. A. Sawa, Resistive switching in transition metal oxides. Mater.
Today 11, 26–28 (2008)

4. K.M. Kim, D.S. Jeong, C.S. Hwang, Nanofilamentary resistive
switching in binary oxide systems; a review on the present status
and outlook. Nanotechnology 22, 254002 (2011)

5. I. Valov, R. Waser, J.R. Jameson, M.N. Kozicki, Electrochemical
metallization memories—fundamentals, applications, prospects.
Nanotechnology 22, 254003 (2011)

6. K.K. Likharev, Hybrid CMOS/nanoelectronic circuits: opportu-
nities and challenges. J. Nanoelectron. Optoelectron. 3, 203–230
(2008)

7. S.D. Ha, S. Ramanathan, Adaptive oxide electronics. J. Appl.
Phys. 110, 071101 (2011)

8. Y.V. Pershin, M. Di Ventra, Review: memory effects in complex
materials and nanoscale system. Adv. Phys. 60, 145 (2011)

9. V.V. Zhirnov, R. Meade, R.K. Cavin, G. Sandhu, Scaling limits of
resistive memories. Nanotechnology 22, 254027 (2011)

10. J.J. Yang, D.B. Strukov, D.R. Stewart, Memristive devices for
computing. Nat. Nanotechnol. 8, 13–24 (2013)

11. G. Snider, Self-organized computation with unreliable memristive
nanodevices. Nanotechnology 18, 365202 (2007)

12. F. Alibart, L. Gao, B. Hoskins, D.B. Strukov, High-precision tun-
ing of state for memristive devices by adaptable variation-tolerant
algorithm. Nanotechnology 23, 075201 (2012)

13. D.B. Strukov, R.S. Williams, Exponential ionic drift: fast switch-
ing and low volatility of thin film memristors. Appl. Phys. A 94,
515–519 (2009)

14. D. Adler, M.S. Shur, M. Silver, S.R. Ovshinsky, Threshold switch-
ing in chalcogenide-glass thin films. J. Appl. Phys. 51(6), 3289–
3309 (1980)

15. E.F. Schubert, J.E. Cunningham, W.T. Tsang, Perpendicular elec-
tronic transport in doping superlattices. Appl. Phys. Lett. 51(11),
817–819 (1987)

16. X. Zhu, X. Zheng, M. Pak, M.O. Tanner, K.L. Wang, A Si bistable
diode utilizing interband tunneling junctions. Appl. Phys. Lett.
2190, 119377 (1997)

17. D. Ielmini, Threshold switching mechanism by high-field energy
gain in the hopping transport of chalcogenide glasses. Phys. Rev.
B 78, 035308 (2008)

18. L.O. Chua, J. Yu, Y. Yu, Bipolar-JFET-MOSFET negative resis-
tance devices. Trans. Circuits Syst. cas-32(1) (1985)

19. N. Balkan, B.K. Ridley, A.J. Vickers, Negative Differential Re-
sistance and Instabilities in 2-D Semiconductors (Plenum, New
York, 1993)

20. A.F. Volkov, Sh.M. Kogan, Physical phenomena in semiconduc-
tors with negative differential conductivity. Sov. Phys. Usp. 11(6),
881–903 (1969)

21. A.S. Aleksandrov, A.M. Bratkovsky, B. Bridle, S.E. Savel’ev,
D.B. Strukov, R.S. Williams, Current-controlled negative differ-
ential resistance due to Joule heating in TiO2. Appl. Phys. Lett.
99, 202104 (2011)

22. M.D. Pickett, J. Borghetti, J.J. Yang, G. Medeiros-Ribeiro, R.S.
Williams, Coexistence of memristance and negative differential
resistance in a nanoscale metal-oxide-metal system. Adv. Mater.
23, 1730–1733 (2011)

23. L. Esaki, New phenomenon in narrow germanium p–n junctions.
Phys. Rev. 109, 603–604 (1958)

24. X. Liu, S.M. Sadaf, M. Son, J. Shin, J. Park, J. Lee et al., Diode-
less bilayer oxide (WOx–NbOx ) device for cross-point resistive
memory applications. Nanotechnology 22, 475702 (2011)

25. D. Kau, S. Tang, I. Karpov, R. Dodge, B. Klehn, J. Kalb et al., in
Tech. Dig. IEDM Tech. Dig. (IEEE Press, New York, 2009), p. 617

26. X. Liu et al., Diode-less bilayer oxide (WOx–NbOx ) device for
cross-point resistive memory applications. Nanotechnology 22,
475702 (2011)

27. M.-J. Lee et al., Two series oxide resistors applicable to high speed
and high density nonvolatile memory. Adv. Mater. 19, 3919–3923
(2007)

28. S.H. Chang et al., Oxide double-layer nanocrossbar for ultrahigh-
density bipolar resistive memory. Adv. Mater. 23(35), 4063–4067
(2011)

29. J.J. Yang et al., Engineering nonlinearity into memristors for pas-
sive crossbar applications. Appl. Phys. Lett. 100, 113501 (2012)


	Utilizing NDR effect to reduce switching threshold variations in memristive devices
	Abstract
	Introduction
	Main idea and experimental results
	Discussion and summary
	Acknowledgements
	References


