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Abstract: In this article, emerging new semiconductor non-volatile
memories are reviewed. We are reaching the integration limit of Flash
memories and new types of memories replacing Flash have been actively
proposed. Each type of memory is briefly introduced and the possibility
of replacing Flash is discussed. FeRAMs, MRAMs, and PCRAMs are
already in production and the physics behind the operations and relia-
bilities are well understood. ReRAMs are now approaching to practical
use. However, the operation mechanisms of the other memories have
not been understood perfectly. Therefore, it is not fruitful to compare
the superiority of each technology at this moment because some inno-
vative idea might enhance a specific technology that happened from
time to time.
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Recently, new types of non-volatile memories have been actively proposed
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the candidates replacing Flash memories, ferroelectric memory (FeRAM;
Ferroelectric Random Access Memory), magneto-resistive memory (MRAM;
Magneto-resistive RAM), and phase change memory (PCRAM; Phase
Change RAM) are already in production and used to various applications
although the amount of products remains small. In addition to the above-
mentioned three types, resistive change memory (ReRAM; Resistive change
RAM), spin transfer MRAM, and organic nonvolatile memories are now un-
der research.

The question is why the research rush takes place on many kinds of non-
volatile memories now. This is based on the expectation that Flash cannot be
scaled down below 1x nm (1x nm; represents the technologies from 19 nm to
10 nm). The major reason for this limitation is the parasitic effects [1] caused
by the electro-static capacitance composed of the neighboring memory cells.
In highly integrated memory cells, this capacitance disturbs read and write
operations to a memory cell since the space between the neighboring cells
become small making large electro-static force and affecting to access to a
specific cell [2]. Because the physics of this phenomenon is quite clear, this
disturbance can be simulated quantitatively if the cell structure is once deter-
mined. In 2012, the most advanced NAND Flash memory is being produced
using the 19 nm technology. In 2010, it was produced with 24 nm technology.
The aggressive shrinkage has taken place in a couple of years. If this scaling
pace would be kept for a while days of Flash are numbered. Therefore, new
types of memories replacing Flash have been proposed continuously during
the past few years. To avoid the parasitic effect, all of the new memories are
based on the different mechanism other than storing charges in a cell. In this
paper, the new memories will be categorized in several groups at first and
are briefly reviewed.

2 FeRAM

FeRAM was transferred to production for the first time among new types of
non-volatile memories. It is now widely used as an embedded memory in a
logic LSI for wireless cards including railway passes, automobile equipments
such as event data recorders (EDRs) [3], and domestic electronic appliances.
The most significant feature of FeRAM is its overwhelmingly low power con-
sumption that cannot be achieved by any other non-volatile memory includ-
ing Flash. Thanks to this feature, FeRAM has built up its own territory in
which even Flash cannot ingress. In addition, low voltage operation less than
2 V is the great advantage against Flash that requires larger than 20 V for
write or erase. Therefore, a voltage pump up circuit indispensable for Flash
can be eliminated with the use of FeRAM that is advantageous for embed-
ded application in a logic LSI. Moreover, writing speed and the maximum
number of rewrites of FeRAM are at least two and six orders of magnitude
greater than those of Flash, respectively.

However, the FeRAM in practical use has the cell structure composed of
one transistor and one ferroelectric capacitor that is not suitable of ultimate
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scaling. The highest density ever reported is 128 Mb [4] and that of real
products remains 4 Mb.

Beside a capacitor type cell, FeRAM has a transistor type and a chain
cell [5] type that are more suitable for high density application. A transistor
type cell has a structure like a MOS transistor but the gate oxide is replaced
with a ferroelectric oxide. This type of FeRAM can compose NAND string [6]
like Flash and competitive against Flash in density. However, transistor-type
FeRAM has essentially poor retention characteristics [7] and therefore cannot
be applicable in practical use ensuring 10 year data retention.

Because the physics behind FeRAM technology is well understood, its
performances can be improved with ease if new materials with higher physical
parameters would be implemented. In near future, FeRAMs with higher
density become in production and the number of applications will increase
greatly. For further information, refer to the following reports [7, 8].

3 MRAM

The first product of MRAM was released in 2006 although its density was
small. The operating mechanism of MRAM is based on the phenomenon
called tunnel magneto-resistance (TMR). There are a lot of studies on TMR
phenomenon and the physics behind it is well understood [9]. The memory
cell of a MRAM product is composed of one MOS transistor and a device
called MTJ (Magnetic Tunnel Junction). A MTJ has a stack structure com-
posing of a thin tunnel insulator such as MgO sandwiched between two mag-
netic films with electrodes on both outer-side of magnetic films. One of the
magnetic films is called a fixed layer or pinned layer in which magnetization
is hard to be rotated. The other one is called a free layer in which magnetiza-
tion is easily rotated. If the directions of magnetization in two magnetic films
are parallel, a MTJ becomes low resistive. If they are anti-parallel, a MTJ
becomes highly resistive. Writing is performed by introducing current to two
adjacent wires for rotating the magnetization direction of the free layer using
the magnetic field produced by the current. The most outstanding feature of
MRAM is its high operating speed, thus it can replace high speed SRAMs.
Furthermore, MRAM has no degradation mode during write operation, it
endures infinite rewrite different from Flash and FeRAM. However, writing
current of MRAM is too high for portable devices. Therefore, practical ap-
plication is limited such as drive recorders as advanced EDRs, as mentioned
above.

Spin transfer torque MRAMs (STT-MRAM) have been proposed as a
solution to solve the problem of high operation current. Unlike the conven-
tional MRAM, STT-MRAM controls the magnetization direction in the free
layer of MTJ by inducing a current with aligned spin between fixed layer and
free layer. STT type MRAM has several important advantages against the
conventional one such as suppression of the increase in the current density
with scaling and the reduction in cell area thanks to the simplified struc-
ture [10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21]. However, STT-MRAM still
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has a problem of small resistance on/off ratio that is one of the biggest ob-
stacles to realize highly integrated memories. In addition, three-dimensional
(3D) integration like Flash is difficult because MRAM operates under bipolar
mode in which a transistor with high current drivability is dispensable for a
cell selection device.

The operation current of the most advanced STT-MRAM made with the
17 nm technology has been reduced down to 40µA [21] which is acceptable
for memories with medium scale integration. The replacement of a part of
DRAMs is a realistic target since MRAM has infinite rewrite endurance like
DRAM.

4 PCRAM

PCRAM has a capacitor-like simple structure in which thin chalcogenide
semiconductor film composed of group IV elements is sandwiched between
electrodes. Therefore it can be miniaturized easily. Most commonly used
materials for PCRAM are Ge2Sb2Te5 and Sb2Te3 but materials doped with
impurities such as nitrogen or oxygen also have been studied to improve
operation speed or thermal stability [22, 23, 24, 25]. The operating princi-
ple of PCRAM is based on the phase change of chalcogenide material from
amorphous to crystal, or vice versa, at reasonably low temperature around
600 C [26]. The energy required for phase change is supplied from Joule
heat generated by the current through a PCRAM cell itself. Because chalco-
genide material is low resistive in crystal phase and relatively highly resistive
in amorphous phase, information can be stored with its resistivity. And
each phase is stable enough at room temperature to make PCRAM as a
non-volatile memory.

It is called set operation, or more simply “set”, to make PCRAM from
highly resistive amorphous state to low resistive crystal state. Reset opera-
tion, or “reset”, corresponds to the reverse process against “set”. Because
set and reset are controlled by Joule heat, these operations are managed with
current pulses instead of voltage pulses. Usually, MOS transistors with their
current saturation properties are used to make current pulses. Therefore,
most PCRAM use MOS transistors as a cell selection device.

In reset operation, chalcogenide material is once heated above its melting
temperature and then cooled rapidly to make amorphous state. In set opera-
tion, chalcogenide material is heated above crystallization but below melting
temperature and cooled gradually to enhance crystallization. Therefore, the
maximum current needed to operate PCRAM is reset current. Because reset
current is thought to be proportional to the volume of PCRAM, reset cur-
rent is expected to become smaller due to the scaling down of the device.
However, reset current values ever reported are too large to be applied to the
most scaled LSIs like 32 Gb Flash, thus significant reduction of reset currents
is the most important research item for PCRAMs. To this aim, various types
of PCRAMs were proposed intending to miniaturize the device beyond the
limitation of the lithography limit. These reports were based on the concept
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Fig. 1. Schematic drawings of PCRAMs, (a) Bottom con-
tact [27], (b) Edge contact [28], (c) Wire type [29],
(d) Micro-trench type [30, 31].

that the reduction of PCRAM volume leads to the reduction of reset current.
Some important results will be introduced below.

PCRAM shown in Fig. 1 (a) is a typical example of a bottom contact
cell [27]. Bottom contact is the simplest cell and a lot of earlier papers
reported using this structure. However, the volume of phase change por-
tion directly depends on the lithography limit but the miniaturization is not
enough with this way as mentioned above. A schematic drawing of an edge
contact cell is shown in Fig. 1 (b) [28]. In this structure, one of the electrodes
is composed of a thin film that is connected to the chalcogenide material.
Since phase change volume is defined with the thickness of a film shaped
electrode, miniaturization of phase change portion beyond the lithography
limit can be possible with this structure. In Fig. 1 (c), a wire type PCRAM
structure is shown [29]. In this structure, chalcogenide material is fabri-
cated in a wire shape, bridging two adjacent electrodes. Since the width of
chalcogenide wire can be reduced beyond the lithography limit by optimiz-
ing fabrication conditions. In addition, thickness control of chalcogenide film
directly affects the volume control of phase change portion. Thus, the phase
change volume of wire type PCRAM can be reduced beyond the lithography
limit. In Fig. 1 (d), schematic drawing of Micro-trench PCRAM structure
is shown [30, 31]. In Micro-trench structure, bottom electrodes are made of
very thin side walls of a box, thus the contact area to chalcogenide material
can be made smaller than the lithography limit. Micro-trench structure was
made to deposit chalcogenide material on the bottom electrode just like the
conventional bottom contact cells. Due to this well established process, much
stable contact between chalcogenide material and electrode can be achieved
compared to edge contact cells. In actuality, write endurance as good as 1012

cycles was reported with Micro-trench cells.
There are various alternatives such as a bottleneck cell [32] that has a

constricted thin chalcogenide layer, a pillar cell [33] that has a small cylin-
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Table I. List of reset currents taken with various kinds of
PCRAMs.

drical chalcogenide bar, a cross-spacer cell [34], a pore cell [35], and a dash
cell [36, 37, 38]. For example, the pore cell was made using a small pore that
appears in a semiconductor manufacturing process. The dash cell, that is
made by depositing chalcogenide material using CVD into a 7 nm width slit,
also uses a tricky process to make such a small structure. All of the examples
listed above are to make the cells smaller beyond the lithography limit. In
spite of these challenges, the minimum reported value of reset currents is
80 µA. At present, there seems to be no obvious relationship between reset
current and the size of a cell, although everyone believed that reset current
could be reduced due to the miniaturization of a cell. Recently, drastic re-
duction of reset current were reported with a ring electrode cell, that has a
small ring shaped bottom electrode, and with a cell using a CNT as a bot-
tom electrode, but the operations are quite unstable. These miniaturizations
are useful to examine the ultimate structure of PCRAM technology but not
realistic at present. The reported reset values are summarized in Table I.

The author’s group recently demonstrated a highly integrated cross point
PCRAM composed of one diode and one phase change cell (Fig. 2) [41]. In
this challenge, we found that poly-Si diode can afford to supply 8 MA/cm2

as the maximum current density. Therefore, it was quantitatively proved
that the reduction of reset current is the first priority item to realize Gb
scale integrated PCRAMs. In Fig. 3, an example how the reset currents can
be reduced due to miniaturization is shown. In the figure, the calculated
current densities are also plotted. Since reset current depends on the device
structure, current scaling is discussed using the devices with the same Micro-
trench structure [42]. In this case, reset current can be reduced below 100 µA
if the minimum feature size f is made as small as 20 nm. However, the current
density becomes larger than 20 MA/cm2 at the same time. Such high current
density is not acceptable for wires in LSIs. Assume that 8 MA/cm2 is the
maximum tolerable current density for cell selection devices, reset current has
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Fig. 2. PCRAM with cross point memory cell. (a) Struc-
ture, (b), (c) Cross sectional TEM images, (d) Re-
lationship between reset current and current driv-
ability of a diode [41].

Fig. 3. Scalability of reset current on Mirco-trench
PCRAMs. Current densities calculated from reset
current values are also plotted [42].

to be reduced below 32 µA in the devices made with f = 20 nm technology.
Although PCRAM has been thought to be the most promising device re-

placing Flash, reset current is too large to realize highly integrated memories
like Flash. Thus, some innovative idea is required before achieving LSIs like
Flash.

5 ReRAM

Recently, resistive switching memories with the structure in which thin ox-
ide film or solid electrolyte is sandwiched by two electrodes are actively re-
searched. ReRAM is categorized in two types. One is the device that uses
the resistive switching phenomena of oxide materials, and the other one uses
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the chemical reaction of metal ions in solid electrolyte.
ReRAM uses resistive switching phenomena is further classified in two

groups. One is the memory using Perovskite oxides such as PCMO
(Pr0.7Ca0.3MnO3) or STO (SrTiO3) and the other one is the group that uses
binary oxides such as NiO or HfO2. Most of ReRAMs using Perovskite oxides
operate with bipolar modes, on the other hand most of ReRAMs using bi-
nary oxides operate with non-polar modes. However, operating mechanisms
of both types of ReRAMs are not clearly understood, thus the studies on
the device physics are the main items before practical use. In the following
sections, reports representing each type of ReRAMs are briefly introduced.
Details of each device can be summarized in other reports [43, 44].

5.1 ReRAM using Perovskite oxides
ReRAMs with the structure like Ti/PCMO/Pt have hysteresis in their I-V
characteristics, thus they can be used for non-volatile memories. In general,
this type of memories requires the initializing process called “forming” before
the practical use. Recently, a lot of papers repot forming free operation by
adopting thin oxide multi-layers in their structures [45]. With the use of thin
oxide layers, large electric field can be applied to the resistive switching oxide
layer with low voltage that is required for forming process.

The origin of resistive change of a ReRAM in [45] is reported to be caused
by the change of Schottky barrier height due to the carrier capture and
emission process at the interface between PCMO and an electrode (Fig. 4).
Contrary to this model, there are several other models based on SCLC (Space
Charge Limited Current), bulk Mott transition, filament Mott transition,

Fig. 4. ReRAM using Perovskite PCMO. Hysteresis ap-
pears in I-V characteristics can be used for non-
volatile memory. Authors explained that switch-
ing takes place due to Schottky barrier height
change at PCMO and a top electrode. In this
case, PCMO is covered with GST (GeSbTe) that
works as a heater to enhance switching phenom-
ena.
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interface Mott transition, etc. The true mechanism of this type of ReRAMs
still remains to be disclosed. Anyway, the concept that a part of oxide-
electrode interface changes its resistivity making a filament shaped conductive
pass seems to be more persuasive compare to the idea that some uniform
change takes place at oxide-electrode interface.

Though filament conduction model seems to be more realistic, the actual
form of filament is not revealed yet to date. Therefore, the disclosure of
physics behind the resistive change is the first priority item of this type of
ReRAMs.

5.2 ReRAM using binary oxides
ReRAMs using many kinds of binary oxides begun to be reported since a
paper on a cross point cell with a Pt/NiO/Pt structure published in 2005 [46].
After that, a lot of materials such as NiO [47, 48, 49, 50], HfO [51, 52,
53, 54, 55, 56, 57, 58, 59, 60, 61, 62], TiO2 [63, 64, 65, 66, 67, 68, 69],
Ta2O5 [70, 71, 72, 73, 74], WO [75, 76, 77], and GeO [78, 79, 80] are proposed
as other candidates. Most of reports use Pt as an electrode but papers using
other metals like Ru, Ni, and IrO2 are increasing.

In general, ReRAMs using binary oxides operate in a non-polar mode
(Fig. 5). Taking advantage of non-polar operation, this type of ReRAM has
the possibility to construct a highly integrated 1D1R (one diode combined
with one resistor) cross point cell. However, there are few examples that
operate in a bipolar mode. It was believed that a bipolar ReRAM should
use a transistor as a selection device but E. Linn proposed a new structure,
in which two ReRAMs are combined in series, can compose one memory cell
without any other selection device [81]. An example of this new concept
is shown in Fig. 6 [55]. In this case, two ReRAMs made of HfO related
materials are connected in series. It shows symmetrical I-V characteristics

Fig. 5. Non-polar ReRAM using NiO as a switching
layer [49].
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Fig. 6. Bipolar ReRAM using HfO. Two ReRAMs con-
nected in series realizes I-V characteristics suit-
able for a diode free cell [55].

with high resistivity around 0 V. Therefore, a cross point memory cell can be
composed without any cell selection device because half selection cell always
in highly resistive regardless to its stored state. In [55], authors manufactured
this structure but the number of rewrites was limited about 3,000 cycles
although a single HfO ReRAM cell made in the same substrate endures 106

cycles. The authors explained that a slight difference in I-V characteristics
of two combined cells causes unstable operation and limits the number of
rewrites.

The operation mechanisms of binary oxide ReRAMs are also unclear and a
lot of studies on the device physics should be carried out before practical use.
A vague picture how the resistive switch takes place is as follows. Resistive
switching is caused by growth and rupture of thin conductive filaments in an
oxide film where large electric field helps to reduce oxide to make a filament
and large current going through a filament fuses the conductive path [82].
However, there still remain not a few unexplained items with this model. To
establish a reliable model is the main issue of this type of ReRAMs.

5.3 ReRAM using solid electrolyte
Solid electrolyte is the organic or inorganic material in which metal ions can
move easily. If mobile ions such as Ag [83] or Cu [84, 85, 86, 87, 88] are
diffused into solid electrolyte, the movement of these ions can be controlled
by electric field made by two electrodes sandwiching the electrolyte. There
are a lot of papers on ReRAMs using many kinds of solid electrolyte in which
a conductive filament is formed or ruptured under the control of electric field.
Especially, the device using Ag/Ag2Se+GeSe/W operates at low voltage and
helped to understand the operation mechanisms of this type of ReRAMs.
Recently, electrolytes such as HfO, ZrO, and TiO, which are familiar with Si
LSI process, tend to be chosen taking into account how easily technology can
be transferred to production. A ReRAM using TiO/HfO multilayer as an
electrolyte is shown in Fig. 7 [88]. At first, solid thicker conductive filament
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Fig. 7. ReRAM using Cu ions in solid electrolyte. Bi-
layer HfO/TiO electrolyte makes it easier to make
very thin conductive filament, that is suitable for
multi-level storage.

was made in HfO layer during a fabrication process and then, thinner Cu
filament was made in TiO layer using electric field. Thin filament in TiO
layer can be ruptured by electric field, thus resistive switching is controlled
by the applied voltage between two electrodes. The very thin Cu filament in
TiO layer is suitable for multi-level information storage.

Because ReRAMs using solid electrolyte operate in bipolar mode, high
density memories with 1D1R cross point cells cannot be fabricated with this
type of ReRAMs. As mentioned in the previous section, the idea proposed
by E. Linn can be applied to realize a cross point cell [89]. This structure
might be more suitable to this type of ReRAMs because maldistribution of
ions in electrolyte, that takes place after multiple rewrite operations, can be
suppressed with Linn’s structure.

In general, ReRAMs using solid electrolyte operate as fast as 50 ns and
as many as 104 ∼ 106 cycles. In addition, the physics behind the device
operation is well understood. Therefore, this type of ReRAMs is superior
to ReRAMs using oxide materials. However, metal ions such as Ag or Cu
have large thermal diffusion coefficient that makes quite difficult to control
thermal stress during device fabrication process. This is the biggest problem
of this ReRAM before practical use.

6 Organic memory

Aggressive studies have been carried out to merge organic materials into Si
LSIs. Non-volatile memories using organic materials can be divided into three
groups. Three groups are composed of memories using chemical reactions of
organic materials, those using growth and rupture of conductive filaments in
organic materials, and those using ferroelectricity of organic materials.c© IEICE 2012
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A thin CuTCNQ (Cu-tetoracyanoquinodimethane) film sandwiched by
Cu and Al electrodes shows resistive switch like a ReRAM. The origin of
resistive switch was explained that Cu in a CuTCNQ film is reduced by
current from electrodes making Cu conductive filaments in a film [90]. The
I-V characteristics resemble to those of oxide ReRAMs operate in bipolar
mode. In [90], I-V hysteresis appears at the voltage as large as 3 V.

Random co-polymer composed of VDF (Vinylidene Fluoride) and TrFE
(Tri-fluoroethylene) shows ferroelectricity just like oxide ferroelectric materi-
als. Our group succeeded to fabricate a ferroelectric capacitor using P(VDF-
TrFE) with remnant polarization as large as 10µC/cm2 although the film
thickness is below 60 nm. Thanks to thin film thickness, this capacitor can
be operated below 2 V [91]. Recently, several papers repot ferroelectric mem-
ories made on a flexible substrate using P(VDF-TrFE) [92, 93]. Since or-
ganic memories generally have features of low cost, low temperature process,
printability, etc., they try to explore new application field different from con-
ventional non-volatile memories [94].

Organic non-volatile memories can be merged to Si LSIs but they can be
applied to organic transistors, TFTs, and flexible devices.

7 Summary

A part of emerging new semiconductor non-volatile memories is reviewed
in this article. You can find how fast the technologies are being developed
if you compare this article with the author’s previous report in 2010 [95].
Beside those introduced in this report, there are a lot of new promising
concepts that might open future semiconductor industries and many of bran
new ideas are now being proposed today. To brush them up to practical
use, it is requested to ensure the non-volatility. In the memories for general
purposes, the information stored should be saved as long as 10 years.

To ensure the non-volatility, some kind of acceleration test should be de-
veloped. Without understanding of the physics behind data storage, correct
choice of acceleration factor, which predicts 10 year later, becomes impos-
sible. Therefore, the total scheme of device operation including switching
mechanism, endurance, retention, and failure modes have to be understood
before practical use. This requirement makes the development of non-volatile
memories quite difficult compare to other semiconductor devices. All the
emerging new non-volatile memories should overcome this very high hurdle
before being transferred to production. This is because FeRAMs, MRAMs,
and PCRAMs required long term development. It is better to find a small
application field, in which a new memory is much superior to other types of
memories, and brush up technology through mass production even though
the market is not large enough.
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