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Abstract
Memristors are two-terminal devices with
varying resistance, where the behavior is
dependent on the history of the device. In
recent years, different physical phenomena
of resistive switching have been linked with
the theoretical concept of a memristor,
and several emerging memory devices
(e.g., Phase Change Memory, Resistive
RAM, STT-MRAM) are now considered
as memristors. Memristors hold promise for use in diverse applications
such as memory, digital logic, analog
circuits, and neuromorphic systems.
Important characteristics of
mem
ristors include high speed,
low power, good scalability,
data retention, endurance, and
compatibility with conventional
CMOS in terms of manufacturing and operating voltages.
One interesting property of
some memristors is a nonlinear response to current or voltage.
Nonlinear memristors exhibit a current or voltage threshold, such
that the resistance is affected only by currents or voltages which
exceed the threshold, while the resistance of a linear memristor
changes with small perturbations in device current.
Different applications exploit different characteristics of a
memristor. In this article, the desired characteristics for different
applications are presented from the viewpoint of an integrated
circuit designer. Understanding the desired characteristics for
different applications can assist device and material engineers
in providing the appropriate behavior when developing memristive devices, thereby optimizing these devices for different
applications.

I. Introduction
emristors have many different facets. A memristor can be considered as the theoretical missing fundamental element originally proposed
by Leon Chua in 1971 [1]. This theoretical device is a
resistor with varying resistance, where the resistance
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changes according to the charge passed through the
memristor over its entire history. Chua extended the
theory of memristors to ‘memristive devices’ in 1976
with his student, Steve (Sung Mo) Kang [2]. A memristive
device is basically any resistor with a resistance that
only changes due to the voltage across the device or,
alternatively, the current flowing through the device.
Since the resistance does not change when there is no
voltage applied across the device, memristive devices
are nonvolatile. It is acceptable to use the term ‘memristor’ to describe a ‘memristive device.’
Since Hewlett Packard Laboratories announced the
fabrication of a working memristor by electrical conduction in titanium oxide (TiO2) in 2008 [3], it has become
popular to link different physical phenomena of resistive switching with the term memristor. These devices
include a large variety of oxides, also named Resistive
RAM (RRAM). Additional emerging memory devices
(e.g., Phase Change Memory and STT-MRAM) may also
be considered as memristors since these devices are
basically nonvolatile two-terminal devices with varying
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the appropriate behavior when
developing memristive devices,
thereby optimizing these devices
for different applications.
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III. Memory
The speed, power consumption,
data retention, and endurance
of memristors are better than
Pt
Flash memory for all emerging
memristive technologies, and are
(a)
(b)
comparable to DRAM and SRAM
Figure 1. (a) An array of 17 purpose-built oxygen-depleted titanium dioxide (TiO2)
for certain memristive technolomemristors built at HP Labs, imaged by an atomic force microscope. The wires are
gies. Speed is determined by the
about 50 nm wide (credit: J.J. Yang, HP Labs), and (b) a physical structure model of
write time which currently vara TiO2 memristor.
ies from tens of nanoseconds
(PCM) to hundreds of picosecresistance. In this article, memristors are considered in onds (RRAM). Endurance is determined by the numtheir broadest meaning—any two-terminal device with ber of writes to a device without affecting the stored
memory capability, which is represented by a varying data, and currently varies from hundreds of millions
resistance. An array of TiO2 memristors and a schematic of writes (PCM) to an unlimited number of writes
of the physical structure of a single device are shown in (STT-MRAM). All emerging memory technologies satFigure 1.
isfy the industrial standard of ten year data retention.
STT-MRAM, however, still suffers degradation in data
II. The Desired Memristor
retention for technologies below 45 nm. A summary of
Using memristors as storage elements in a memory is the required characteristics for memory applications
an obvious choice. Actually, most emerging memory is listed in Table 1.
technologies, which are considered as potential
One interesting property of some memristors is a
replacements for Flash, DRAM, and SRAM, are based nonlinear response to current or voltage. Nonlinear
on memristors. These technologies are somewhat memristors exhibit a current or voltage threshold, such
immature and are not yet fully commercialized. Toshiba that the resistance is not affected by relatively small
and Sandisk are currently sampling 4 GB RRAM currents or voltages, while the resistance of a linear
memory circuits [4], Micron and Samsung are selling memristor will change due to any change in device
16 MB PCM [5], and Everspin recently debuted an 8 MB current. In the original publication by Hewlett Packard
STT-MRAM [6]. Memristors are, however, much more in 2008 [3], a linear memristor was presented. Practithan memory devices. The ability to control and modify cal memristors, however, seem to behave nonlinearly,
their current-voltage characteristics can be utilized although the nonlinearity varies for different materials
for performing a variety of computational operations. and technologies. Current–voltage curves of linear and
Memristors hold promise for use in diverse applica- nonlinear memristor are shown in Figure 2.
tions such as digital and analog circuits, and neuromorDue to excellent scalability and fast speed, memrisphic systems.
tors are a potential replacement for Flash memory in
Since memristor technology is currently immature, SSD, which requires dense memory, as well as DRAM
standardization of the characteristics of memristors and SRAM for main memory and cache memory, which
remains to be done. The desired characteristics may require relatively fast memory with unlimited writes.
differ for different applications. In this article, the Memristors therefore provide an opportunity for ‘unidesired characteristics of memristors are described versal memory’—a single technology for all memory
for different applications from the viewpoint of hierarchies. Memristors are by their definition nonvolaan integrated circuit designer. Understanding the tile devices. Using memristors within caches and main
desired characteristics for different applications can memory will make these memories nonvolatile, dramatassist device and material engineers in providing ically changing the manner in which these memories
TiO2
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are applied in modern computing
Table 1.
systems.
Requirements of memristors for memory [11].
Memory is an analog circuit
behaving digitally, in which the
Speed
(Write Time) Endurance Energy Per Bit
resistance of the memristor typically
[Seconds]
[# Writes] [Joule]
Nonvolatility
represents a binary value. A low
5
10 n
Yes
Storage
0.1 to 10 µ
10
resistance is typically considered as
(flash replacement)
a ‘logical one’ and a high resistance
5p
No
Main Memory
10 n
> 1015
is treated as a ‘logical zero.’ A high
(DRAM
ratio between the high and low resisreplacement)
tance (usually named, respectively,
Cache
0.3 to 1 n
> 1015
5p
No
ROFF and RON ) is therefore desirable.
(SRAM
It is also desirable to provide a nonreplacement)
destructive read mechanism, but
the read operation in memristors
may induce drift in the stored state. The drift requires a different magnitude and duration of applied current to
occasionally refreshing the memory. The device design write different data, as depicted in Figure 3.
process should therefore consider the trade off between
speed and robustness due to this state drift phenomIV. Computational Logic with Memristors
enon. A preferred memristor would therefore be highly Another application of memristors is computational
nonlinear, with a well-defined and abrupt threshold logic, where memristors are used as logic gates. Several
between the two distinct states.
different logic families have been developed that use
In memory applications, it is also possible to write memristors as fundamental elements within logic gates.
more than one bit into a single memristor if the resis- In certain logic families, the logical state is represented
tance of the device can be quantized into multiple levels. as a resistance, as in memory, and the result of the logiThe difference among the different data must be care- cal operation is also stored as a resistance in a memrisfully determined. To successfully store more than one tor. These logic families can therefore be used for logic
bit within a memristor, it is crucial to maintain a high within memory, and require similar memristor characterratio between ROFF and RON to provide a wide range of istics as in memory, namely, nonlinear memristors with
resistance. It is also preferable that a linear memristive well-defined thresholds are preferable. An example of
device successfully write the desired value with similar these logic families is material implication (IMPLY) [7],
write pulses, or, alternatively, that a write mechanism as shown in Figure 4. In other logic families, the logical
allows a different and distinct write operation for differ- state is represented as a voltage level, as in CMOS logic.
ent data. In PCM, for example, the write operation uses These logic families are useful for hybrid CMOS-memristor
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Figure 2. Current–voltage curve in response to sinusoidal input for (a) a linear memristor (voltage input) and (b) nonlinear memristor (current input). ~ 0 is a frequency of the input waveform. The maximum and minimum resistance of the memristor, respectively, Roff and Ron, are marked in the nonlinear memristor curve.
second QUARTER 2013		

13mcas02-kvatinsky-2256257.indd 19

IEEE circuits and systems magazine

19

03/05/13 1:44 AM

To Become Amorphous
Temperature/Current

Electrode
GST

TiN

SiO2

To Crystallize

Electrode

Time
(b)

(a)

Figure 3. Phase change memory (PCM) (a) physical structure. A resistor made
of TiN acts as a heater and heats the active area (marked in red). The active area
heats the GST (chalcogenide glass), which changes its phase between crystalline
and amorphous states. Crystalline state has better conductivity than amorphous
state. (b) The write operation is done by flowing current in different shapes where
high current (temperature) for a short period changes the phase to amorphous and
relatively low current for a long period changes the phase to crystalline.

logic, where the critical characteristics of the memristors
are their high density and compatibility with standard
CMOS, both in fabrication and voltage levels. These logic
families increase the logic density, where, for the same
area, the number of logic gates is significantly higher.
For these logic families, a linear memristor is preferable to reduce power consumption and delay. An example of these logic families is Memristor Ratioed Logic

VCOND

(MRL) [8], as shown in Figure 5. It
is also possible to use memristors
as configurable switches in PLA
and FPGA [9], as shown in Figure 6.
For these applications, the memristors replace the standard programmable switches, commonly placed
within the FPGA as CMOS switch
boxes. High and low resistances are
treated, respectively, as an ‘open’
and ‘closed’ switch. In these applications, the configuration phase is
separate from the operation. The
resistance of the memristors therefore does not change during operation and a nonlinear memristor with
a threshold is necessary. A significant ratio between the high and low
resistance is also highly desirable.

V. Analog Circuits and Neuromorphic Systems
In applications using analog circuits and neuromorphic systems (electronic circuits that mimic the brain),
the resistance typically requires a continuous value.
Memristors can be used as configurable devices where
the resistance of the device is initialized by a specific
procedure, different from typical circuit operation
[10]. During regular circuit operation, the memristor
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P
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Q
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RG

Figure 4. Schematic of a memristor-based material implication (IMPLY) logic gate. IMPLY gate consists of two
memristors and a resistor. The memristors can be part of a
memristor-based crossbar used for memory. The input and
output variables of the IMPLY logic gate are the stored logical
state of the memristors, represented by their initial and final
resistance, where high and low resistance are considered,
respectively, as logical zero and one.
20

Figure 5. An example of hybrid memristor-CMOS logic—
memristor ratioed logic (MRL). An MRL NAND logic gate
consists of two memristors and two CMOS transistors. The
memristors act as a logical AND gate and are connected
to a CMOS-based inverter. The logical input and output
variables are represented by voltages, as in conventional
CMOS logic.
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behaves as a simple resistor. The
properties of the circuit can be
NOT Gate
tuned. A configurable amplifier is
8 7
16 15
22 21
shown in Figure 7, where the gain
and bandwidth of an amplifier
vary due to the configurable resis106
35
tance. In these applications, it is
AND Gate
NAND Gate
desirable for the memristor to
36
105
behave as a nonlinear nondestruc98
43
tive device, similar to the read
mechanism in digital applications.
Memristors can also be used as
44
97
computational elements in analog
49
92
circuits, such as analog counters
OR Gate
and sensors. In these circuits, it
50
91
is desirable for the memristor to
maintain a linear behavior, where
D Flip-Flop
the local current changes the
resistance of the memristor.
77 78
69 70
63 64
In neural networks, memrisNOR Gate
tors mimic the role of synapses,
Figure 6. An example of a memristor-based FPGA. The memristors act as configurable
such that each device may interswitches to connect or disconnect CMOS logic gates. (This figure is taken from [9].)
act with other devices throughout
the system. Several models exist
for using memristors in neuromorphic systems. Usually, machine learning algorithms are
M1
executed in these systems. A threshold is useful to disR1
V
in
able the learning operation. During the learning operation, the resistance of the memristor is changed based
on the input of the system, usually a voltage pulse. It is
–
R1
desirable for the same input to change the resistance of
Vout = – Vin
M1
the memristor the same every time. Nonlinear memris+
tors require the change in resistance to be significantly
different for the same input with a different initial resistance, greatly complicating the learning process.
Figure 7. Schematic of a configurable amplifier. The gain of
VI. Conclusions
In summary, memristors provide an inspiring variety of
opportunities for electronics. Memristor technology is
still immature and the device characteristics can vary a
great deal. However, significant focus within academia
and industry is currently taking place to develop and
commercialize this exciting new technology. In this article, certain desirable characteristics of memristors are
described for an assortment of applications. It is intended
that device and material engineers will consider the
requirements for these devices from the point of view of
an integrated circuit designer, and develop devices suitable for specific applications, opening a new era of memory intensive computing.
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the amplifier is the ratio between the resistors and can be
tuned to a desired value. The memristor is programmed to a
desired resistance prior to the operation of the amplifier.
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