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Memristor Materials: Working Conditions And
Properties
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Abstract: Material independent memory effect is all prevalent in the nature because of the dynamical properties of electrons and ions. These perturbations
are responsible for generating and evolving to new states and hence the history of the material which is referr ed to as memory effect. This memory effect
reflects as a variable resistor suggesting paradigm change from charge based volatile memory to resistance based nonvolatile memory indicative of huge
power savings and related advantages. Studies from many aspects have been carried out on memristor like requirement of free energy barriers between
two sates to hold the memory state intact, impact of ionic conduction and concentration polarization, thermodynamic behavior, impact of thermal
fluctuations, and response of the system to noise. The scope of the paper includes review of candidate materials showing memristive properties, study of
memristive properties and physical phenomenon of these materials and operating current, voltage and power range of various me mristors.
Index Terms: Nano-scale, Material, Memristor, Memory effect, Physical phenomenon, Electrical Properties, Operating parameters.
— — — — — — — — — —

1. INTRODUCTION
Memory is defined as the retention of the state of the system
and ability to reproduce it, irrespective of passage of time.
Memory is physical phenomenon and it can be stored in form of
a spin polarization of certain magnetic material, passage of
charge through a material or stored in capacitor or a transistor
gate and brain use synapse [1] to store information. There were
many instances, where physical phenomenon results in
memory effect which fits in the category of memory. Hence it
can be inferred that the memory effect is ubiquitous in nature
and material independent [2]. The state represents itself in
resistive, capacitive or inductive nature. Some materials allow
multibit storage in a single cell paving path for future very highdensity storage devices [3]. The underlying phenomenon [4, 5,
6, 7, 8] which results in memory effects are dependent on
dynamic properties [9], of ions and electrons and its response
to external perturbations. These perturbations defined within
certain time scale or shown to be time dependent, becomes the
basic reason for creation of history of events. This dynamical
phenomenon – rearrangement of electrons or ions, at
nanoscale makes the material to shifts from the previous state
to the new state [10]. The material can remain in the same state
over geological time periods. A brief review on different
materials, mechanisms and classification of memristors is
presented with description
on the challenges and the future scope.
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1.1 Memory circuit element, V-I Characteristics and
Properties
For about two centuries, resistor (R), capacitor (C) and inductor
(L) were the fundamental passive elements which were
extensively used in circuits.
These passive elements dissipate or store energy and are
associated with circuit variables charge (q), flux (ϕ), voltage (v),
and current (i). The linear relationship of R, C and L is described
in equations (1) (3).
v = Ri
(1)
q = Cv

(2)

ϕ = Li

(3)

Dr. Leon Chua, a non-linear mathematician and Professor at
UC, Berkeley, arranged the linear relationships between each
of the four basic variables [11] as depicted in Figure 1 thereby
postulating the fourth fundamental passive device through
unnoticed relationship between magnetic flux and charge (4)
and named it Memristor (MEMory ResISTOR).
dϕ =M dq

(4)

Upon subjecting the memristor to DC power supply, it displays
linear V-I characteristics and behaves like a resistor. Under the
influence of AC supply, it switches reversibly between more
conductive ON sate and less conductive OFF state and the V-I
characteristic resembles hysteretic curve. A system, which
exhibits hysteresis, describes the states independent of the
system input. The present output evolves and can be predicted
through the previous state of the system. This physical process
generates memory. The definition of current controlled
memristor is as follows:
V = R(w) I

(5)

dw/dt = i

(6)

Here, w is variable width and internal state of the device. R is
internals state dependent resistance.
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Fig. 2. (a) Memristor schematic (b) Memristor equivalent
circuit (c) Nonlinear ionic drift [14]

(a) The concept of memristor

From Figure 2(a), two variable resistances appear in series with
each other. One resistance is representing TiO2 and second
resistance, TiO2-x where the former is stoichiometric and the
latter has oxygen vacancies in it. Changing the width (push or
pull the dividing line) results in a change in the state between
the oxygen vacancies and stoichiometric TiO2 due to which the
resistance of total device changes. These observations lead to
following equations:
Ionic drift = dw(t) / dt = µv (RON / D) i(t)

(9)

Velocity of dividing line i.e., drift is essentially equal to electric
field times the current
Electronic current = v(t) = [RON (ω(t) / dt) + ROFF (1 – ω(t) / D)]
i(t)
(10)
Fig. 1. (b) Memristor V-I characteristics [14]
In 1976, Chua [12, 13] further generalized the concept of the
memristor and described it as a class of nonlinear system called
memristive system as through equations (7) & (8).
V = R(w,i) I

(7)

dw/dt = f(w,i)

(8)

Here, ‘w’is a set of state variables, R and f are explicit functions
of time. Memristor was physically realized as TiO2 thin film
sandwiched between two platinum electrodes at HP Labs, in
2008 [14, 15] by Dr. RW Williams and his team. Two regions
TiO2 & TiO2-x were formed in the memristor, where the latter
region was oxygen deficient. The applied voltage’s polarity and
current direction generated resistive effect and value called as
the state which had virtually infinite lifetime suggesting potential
application as nonvolatile resistive memory (ReRAM). Figure 2
shows the memristor model, its equivalent circuit and simulation
results representing nonlinear ionic drift. The voltage stimulus
and the corresponding change in normalized state variable w/D
is shown in blue and red respectively. V-I characteristics are
also shown.

State variable dependent voltage is function of the current and
the resistance. The equation for memristance is as follows:
Memristance = M(q) = ROFF [1 – (µv / D2) RON q(t)]

(11)

From equations (9) & (10) it can be seen that linear conduction
and linear drift has a term which is inversely proportional to the
device width i.e.,
meaning memristance is 1 million
times visible at nano-meter scale than at micron scale and
unobservable at millimeter scale. Formulation of applications of
memristor through its physical behavior involves controlling
quasi-static conduction mechanism of memristor to evolve
dynamic state i.e., the drift which produces the dividing line
between RON and ROFF. Hence, we can infer that we have very
fast switching at nanosecond and simultaneously infinite
lifetime. The switching action of memristor is due to the drift
velocity’s exponential dependence on electric field in
accordance with the Einstein’s relationship [16]
where, µ is charge carrier, D is diffusion coefficient, k is
Boltzmann’s constant, T is Absolute temperature and q is
charge. In this high field regime (nanometer range), a very small
variation in the field, leads to a change in drift velocity to 1m/sec.
This is a huge exponential variation approximately twenty
orders of magnitude. This results in the change of position (w)
between RON and ROFF and produces device state [17]. By
switching off voltage, life- time of the state remains unchanged
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i.e. the ageing is diverged and life time becomes infinite.

2

CLASSIFICATION
OF
MECHANISM
DEPICTING
EFFECTS

Table 5 : Classification of physical mechanisms in different
materials

PHYSICAL
MEMRISTIVE

Effect – Meminductance
Mechanism – Geometrical and Permeability
Geometrical
Permeability related
• Thermal
• Permeabilit Spontaneously
magnetized medium
y switching
• Elastic
• Ferromagnetism
Other systems with memory

Based on different mechanisms the memristive effects are
broadly classified as follows and are tabulated in Table 1 – 4
respectively.
Memristance [18], [19], [20], [21], [22], [23]
Memcapacitance [24], [25], [26], [27], [28], [29]
Meminductance [30], [31], [32], [33]
Other systems with memory [34], [35], [36], [37]

Three terminal devices
•
•
•

Table 1: Classification scheme of memristance mechanism

3

Mechanism – Resistive change
•
•
•
•

Thermal effect
Chemical reactions
Ionic transfers
Spin polarization Phase transition

Table 2: Classification
mechanism

scheme

for

Memcapacitance

Effect - Memcapacitance
Mechanism – Geometrical and Permittivity related
Geometrical
Permittivity related
Elastic
Delayed
Spontaneously
Redox reaction
response
polarized medium
Charging
Tunneling
Ferroelectricity
Ionic
Transfer

Permittivity
switching
Ionic doping
Phase
transition

Phase change

Binary oxides
Nanogap
systems
Perovskite-type
oxides
Sulphides
Semiconductors
Organics

Material
Ge-Te, GeSeTe2,
Ge2Sb2Te5,
AgSbSe2,
SbSe,
Ag-In-Sb-Te
TiO2, CuO, NiO,
CoO,
Fe2O3,
MoO, VO2
SiO2, NiO
Pr1-x-CaxMnO3,
SrTiO3:Cr
Cu2S, Ag2S
Si, GaAs, ZnSeGe

Physical mechanism
Electrically induced switching
between
crystalline
and
amorphous states by Joule
heating due to current flow.
Collapse of local energy gaps
after removal of oxygen atoms
with
consequent
rearrangement of local atomic
structure
Ionic transport
Electrochemical
reduction
(solid-state redox reaction)
Complex interplay between
spin degree, lattice and charge
Freedom of Spin degree
Hodgkin Huxley
–
ionic
transport

Table 4: Classification scheme for other systems with memory

Electrochemical cell
Solid state memister
Polymeric transistor

Delayed
response

Memristive
component
Josephson junction

in

PHYSICAL MECHANISM AND MEMRISTIVE
PHENOMENON IN VARIOUS MATERIALS

Gradual hysteretic switching characteristic is observed in most
materials. It indicates dynamic nature of the material at atomic
level, thereby making the material to evolve through different
values i.e., the state. The material freezes in the current state
when the external stimulus is removed, and this permanent
state is called memory effect. Upon varying the stimulus, the
value of memory state changes. This important property allows
multi bit memory storage in single memory cell thereby opening
the avenues for very high-density memory technology [50 to
38]. The materials in Table 5 show characteristic evidence for
applications like ultra-high-density memory which includes
minimum read/write time, high ON/OFF ratio, fabrication to
small size cells and suitable range of programming voltages.

REVIEW OF PROPERTIES OF DIFFERENT
MATERIAL FOR MEMRISTOR

4

Table 3: Classification scheme for Meminductance mechanism
Memristive
phenomenon
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Table 6 elaborates various properties of different materials like
noise margin, either voltage or current driven, size of device,
scaling factor, On-Off ratios, switching speeds, thermal stability,
phase change property, ionic transport, resistive filamentary
properties, applications areas of memristors.
Table 6: Memristive properties in various materials
Mat
erial
TiO2

Properties

SiO2

Resistive switching in metal free embodiment , switching through
voltage-driven modification and formation of silicon nanocrystals, small size ~5nm i.e., scaling to ultra-small domains,
healthy non-volatile properties and high ON/OFF ratios >105,
speedy switching to sub 100nm, better endurance with 10 4 read
erase cycles, CMOS compatibility to construct memory and or
logic devices [40]
Fabricated thermally stable nanocomposite having high
temperature dielectric and high electric field applications [41]
SAM – Self assembled monolayer is a nonconventional
technique to avoid high production cost and long processing
time. Suitable for controlled adjustment of key parameters in
molecular and organic electronic devices. SAM suggests
unipolar or bipolar switching, low to high resistance current ratio
between 10 to 100, ON/OFF ratio of 100, fabricated ReRAM
device density of 1 × 1010/cm2 [42]
Gradual change in resistance (memristive) and capacitance
(memcapacitance) with repeating voltage polarity at the same
time owing to nanoparticle assembly. Memristive and
memcapacitive characteristics resemble biological synaptic

HCu
Pc
SAM

Fe2
O3

Enhanced memristive performance with less noise, peak current
of .04Amp at 5 Volt implying more conductive nature [38], [39]
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PED
OT:
SS

VO2

GO

PZT

5

OPERATING VOLTAGES AND CURRENT
VALUES OF DIFFERENT MEMRISTORS

Table 7 corroborates with the behavior of the memristor in which
the memory state is in form of a resistance and does not require
external energy to keep intact. Also, the dynamical
phenomenon at nanoscale responsible for memristive behavior
requires less power to leave or attain a state to external
perturbations. Looking into the range of materials it can be
inferred that memristive phenomenon is material independent
and omnipresent. It can be seen that most of the memristors
operate in the voltage range up to 2 volts with few exceptions
wherein the range goes to 50 volts. Similar behavior is observed
for the memristor operating current which is almost negligible
i.e., 0.25µA for Cu/SiO2/Pt memristor. The normal current range
is up to 10 mA for Pt/Fe2O3/Pt memristor. However, the
Pt/GO/ITO and ITO/HCuPc/Ti memristor requires the current of
100mA to fall in memristive domain. The operating power is
dependent on the operating current and voltage of the device
and it varies from 0.5µW to 800mW. These variations can be
attributed to the material and its capacity to fall in memristive
domain.

Table 7: Operating voltage, current and power of various
materials
1.
2.

Voltage
(V)
2
0.05

Current
(mA)
0.00025
0.02

Power
0.5 µW
1 µW

Other
Units

Material
CU/Sio2/Pt
MNa

3.
4.
5.
6.

1.5
0.65
1.5
2

0.001
0.00347
0.05
0.2

1.5 µW
2.26 µW
75 µW
400 µW

Au/SAM/Pd
TMJ
Pd/SAM/Pd
Pt/TiO2/Pt

7.

4

1.5

6 mW

Ag/Si/p-typeSi

8.
9.

1.5
1.8

5
10

7.5 mW
18 mW

10.

5

45

225 mW

11.
12.

50
6

6
100

300 mW
600 mW

Pt/NiO/Pt
Pt/Fe2O3/Pt
Au/PEDOT:S
S/Au
VO2
Pt/GO/ITO

13.

8

100

800 mW

ITO/HCuPc/Ti

14.

0-3

15.

-7 to
+7

1.7511.5pF
0.25 –
7.75pF

16.

0–2

5 – 8.5nH

NEMS
Pt/PZT/Pt
a-Si/Al

Most of the memristors operate in the voltage range up to 2 volts
with few exceptions wherein the range goes to 50 volts. Similar
behavior is observed for the memristor operating current which
is almost negligible i.e., 0.25µA for Cu/SiO2/Pt memristor. The
normal current range is up to 10 mA for Pt/Fe2O3/Pt memristor.
However, the Pt/GO/ITO and ITO/HCuPc/Ti memristor requires
the current of 100mA to fall in memristive domain. The operating
power is dependent on the operating current and voltage of the
device and it can be seen it varies from 0.5µW to 800mW.
These variations can be attributed to the material and its
capacity to fall in memristive domain. Depending on the
operating power range memristors can be categorized into low,
moderate and high-power range, namely from 0.5 to 2.26µW,
75µW to 18mW and 225 to 800mW. The memristors which fall
in first category are Cu/SiO2/Pt, MNa, Au/SAM/Pd and TMJ.
Memristors Pd/SAM/Pd, Pt/TiO2/Pt, Ag/Si/p-type Si, Pt/NiO/Pt
and Pt/Fe2O3/Pt fall in moderate power category and
Au/PEDOT:SS/Au, VO2, Pt/GO/ITO and ITO/HCuPc/Ti are high
power consuming memristor and falls in third and high-power
consuming category. This is shown in Table 8 and graphically
represented in Fig. 3.
Operating Voltage, Current and Power
900
800

700

Power(mW)

NiO

potential and depression motions suggesting potential
applications in analog nonvolatile memory and circuits and
monomorphic devices and [43].
Key phenomenon is resistive switching in ReRAM due to binary
transition metal oxide (TMO) cells. Phenomenon is rupture and
formation of conductive filament. The conductive filaments are
composed of cation interstitials or oxygen vacancies resulting in
change of microscopic oxygen stoichiometry. Cell size is
4× 4µm2, 20× 20µm2 and 88× 88µm2 single & two forming and nonforming respectively [44] [45].
A conductive metal filament is formed in the organic layer’s
middle
portion
i.e.,
in
Ag/ply(3,4thylenedioxythiopene):poly(styrenesulphonate)(PEDOT:PSS)/Pt
device. A bipolar filamentary resistive switching state results that
falls in the category of electrochemical metallization. Potential
applications are in the area of artificial synapses since synaptic
plasticity is mainly responsible for filament change in STP, LTP,
STD and LTD [46], [47].
VO2 is a popular material because of large range of accessible
resistance values through metal to insulator (MIT) transition and
fast response time. Resistance change is four orders of
magnitude [48].
GO – graphene oxide is a good semiconducting/insulating
material suitable for ReRAM. Automatically thin and 2D GO
allows scaling above present limits of semiconductor technology
and high-density fabrication is possible. GO based resistive
memory has many benefits like cost effective device fabrication,
easy synthesis, compatibility for flexible device applications and
scaling down to few nanometers. Properties also include
thermally stable, forming free, multi-bit storage, flexible and high
ON/OFF resistive ratios at low voltages [49], [50], [51].
PZT is lead zirconate titanate, a piezoelectric material,
considered for memristive applications. Use of this material is
possible because heterogeneous integration of technologies by
for integration of material physicists, computational chemists and
bioengineering to explore nonvolatile memory application area
[52].
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2

0.5

1.5

0.65

1.5

2

4

1.5

1.8

5

50

6

8

Current (mA) 0.0003 0.02 0.001 0.0035 0.05

0.2

1.5

5

10

45

6

100

100

Power (mW) 0.0005 0.001 0.0015 0.0023 0.075

0.4

6

7.5

18

225

300

600

800

Voltage (V)

13

Fig. 3. Operating voltage, current and power consumption of
various memristors
Memristive phenomenon also reflects as memcapacitance and
meminductance. Fourteenth and fifteenth entries in Table 6
show memcapacitive behavior in NEMS and PZT. NEMS and
PZT respectively mean Nanoelectronics mechanical systems
and piezoelectric material. These devices utilize mechanical
and electrical properties and present themselves as key
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components in RF (Radio Frequency) applications like such as
impedance matching circuits, tunable filters and voltage
controlled oscillators. The nano-structure varies depending on
the type of application intended which may be diaphragm,
micro-bridge or cantilever-based structure apart from ReRAM
and synapse. However, meminductive phenomenon, the
sixteenth entry in Table 6, is based on controlled change of
geometry of the device and is named bimorph effect. Bimorph
effect is temperature dependent. Meminductive devices find
applications in frequency related applications like tuning and
oscillators.

Operating power range & memristor type
0.5 – 2.26µWatts

75µW–

225 – 800 mWatts

18mWatts
• Cu/SiO2/Pt

• Pd/SAM/Pd

• Au/PEDOT:SS/Au

• MNa

• Pt/TiO2/Pt

• VO2

• Au/SAM/Pd

• Ag/Si/p-type Si

• Pt/GO/ITO

• TMJ

• Pt/NiO/Pt

• ITO/HCuPc/Ti

• Pt/Fe2O3/Pt

5

ON/OFF ratios, suitable range of programming voltages,
fabrication of small cell size and multistate memory in which
single cell may store several bits of information. Table 6
elaborates wide range of material as strong candidates for
fabrication of memristor. The range involves oxides, thermally
stable nanocomposites, self-assembled monolayer, organics,
graphene oxide, ceramics, piezoelectric materials etc. Each
material present unique set of properties and objective is to
fabricate a low cost memristor which may have maximum
features desired.

6

Table 8: Power consumption range & memristor type

DISCUSSIONS

Memristor is a fourth fundamental passive device. Its
characteristics are unique and resemble a pinched hysteresis
loop. Up to a certain frequency limit it is nonlinear and above, is
linear. Natural applications of memristors are nonvolatile
ReRAM – Resistive Random-Access Memory and a synapse of
brain. The state of the memristor is resistive and permanent
because of trapping of oxygen vacancies permanently in its
positon over geological time-period. The resistive nature of the
state of memristor does not require external power to maintain
itself and is enormously important feature from power saving
aspect. When subjected to ac variations it behaves like a
conductive filament thereby behaving like a variable resistor at
nanoscale. This property provides the capacity to store multiple
bit information in a single bit and simultaneously can have
analog behavior like that of a synapse of a brain. This infers that
the memristors can be used both for digital as well as analog
applications. Memristive effect is owing to dynamical properties
of electrons and ions and it is million times more relevant at
nanoscale compared at millimeter scale. Nature of this physical
movement has been identified and classified in our broad
categories, namely resistive, memcapacitive, meminductive
and other systems with memory like solid state memister and
polymeric transistor. The mechanisms resulting in
memresistive, memcapacitive and meminductive change are
thermal effect, chemical reactions, phase transition, redox
reaction, tunneling, elastic and polymeric to name a few. The
mechanisms may overlap at times giving mixed response i.e.,
memristive and memcapacitive or memristive or meminductive
or any other combination possible (as elaborated in Table 5).
However, each mechanism is material dependent thereby
opening a new field to investigate different materials that shows
memristive, memcapacitive or meminductive behavior. The
properties of prominence which needs investigation are
ultrahigh density memory, fast read and write time, high

ISSN 2277-8616

PROSPECTS AND CHALLENGES

The memristive phenomenon is old and was reported as an
anomaly in research before Chua’s postulation in 1971. HP
Labs brought paradigm change by presenting a working
Pt/TiO2/Pt memristor. The application range of memristor is
immense and has the capacity to touch wide variety of
technologies mainly owing to high scalability and unique
physical-chemical capability. There are many materials showing
memristive effect and can be broadly classified as metal oxides,
2D materials, emerging materials and organics. The
commercialization of technology is possible mainly in the areas
like ReRAM, synapse, neuromorphic architectures, hybrid
circuits, crossbar architectures, deep learning, reconfigurable
logic to name a few. However, the technology is new and poses
many challenges like finding new material which fits into
memristive framework, state retention capacity with respect to
time, response to read/write stimulus, applications in analog as
well as digital domain, compatibility issues in terms of power
requirement and EDA tool which requires complete overhaul.
The technology also needs to prove independent existence as
a technology against the existing technologies. However,
memristor presents itself as promising next generation new
technology which will change the way we look at the technology
and its applications.
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