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The era of information explosion is coming and information need to be continuously stored and randomly accessed
over long-term periods, which constitute an insurmountable challenge for existing data centers. At present, computing
devices use the von Neumann architecture with separate computing and memory units, which exposes the shortcomings
of “memory bottleneck”. Nonvolatile memristor can realize data storage and in-memory computing at the same time and
promises to overcome this bottleneck. Phase-change random access memory (PCRAM) is called one of the best solutions
for next generation non-volatile memory. Due to its high speed, good data retention, high density, low power consumption,
PCRAM has the broad commercial prospects in the in-memory computing application. In this review, the research progress
of phase-change materials and device structures for PCRAM, as well as the most critical performances for a universal
memory, such as speed, capacity, and power consumption, are reviewed. By comparing the advantages and disadvantages
of phase-change optical disk and PCRAM, a new concept of optoelectronic hybrid storage based on phase-change material
is proposed. Furthermore, its feasibility to replace existing memory technologies as a universal memory is also discussed
as well.

Keywords: universal memory, optoelectronic hybrid storage, phase-change material, phase-change random

access memory
PACS: 85.60.—q, 85.35.—p, 87.19.1v, 82.53.Mj

1. Introduction

With high-definition video and intelligent electronic
products entering our life, we are gradually entering the era of
information explosion. The volume of digital information gen-
erated from the internet and from portable and high-definition
video devices has doubled every two years since 2000 and will
reach 44 zettabytes (or 44 billion terabytes (TB)) by 2020.!!]
In addition, with the technology upgrading and application of
mobile Internet, cloud/sea/fog computing, Internet of things,
artificial intelligence, smart city, and smart earth, the global
data will grow exponentially. The value of big data has re-
ceived more and more attention. Hence, information will need
to be continuously stored and readily accessed over long-term
periods. These stringent requirements constitute an insupera-
ble challenge for existing data centers. The current data stor-
age mode is divided into cold storage and hot storage. The
cold storage is mainly used to store large-scale data that is
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not often used, such as library books, hospital imaging, me-
teorological information, and other social data. While the hot
storage is mainly used to store frequently used data, such as
consumer electronics and data center information. At present,
cold storage mainly uses magnetic hard-disk, tape and opti-
cal disk as storage medium, while hot storage basically uses
semiconductor memory, such as DRAM and FLASH. The
hardware platform based on von Neumann computing archi-
tecture needs a large amount of data to be transmitted fre-
quently between processing (central processing unit, CPU)
and memory (SRAM/DRAM with high speed but volatil-
ity and FLASH/hard-disk with low speed but non-volatility)
units.?! While in memory units, frequently accessed data are
loaded temporarily in SRAM/DRAM and the remaining data
are kept in FLASH/hard-disk for long-term storage. There-
fore, the shuffling of data between these units exposes the

shortcomings of “memory bottleneck”. The disadvantages of
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memory and computing separation are more prominent when
it comes to big data computing. Nonvolatile memristor can
realize data storage and in-memory computing at the same
time, that is, the integration of storage and calculation can
eliminate the memory bottleneck fundamentally. At present,
nonvolatile memristors mainly include phase-change random
access memory (PCRAM), ferroelectric random access mem-
ory (FERAM), resistive random access memory (RRAM), and
magnetoresistive random access memory (MRAM), efc.[3-13]
The comparison of physical performance for PCRAM with

OTS&OMS
(1968)

GeSbTe
(1987)

First observation Laser-induced AgInSbTe

of phase change phase change (1991)
in MoS; (1971)
(1923)

First PCRAM chip
(2001)

other nonvolatile devices, such as FLASH, FeERAM, MRAM,
and RRAM has been reported in Ref. [14].

Among emerging nonvolatile memory devices, PCRAM
is the most mature and has been considered to be one of
the most promising candidates for next-generation nonvolatile
memory. The physical basis for PCRAM is the phase change
of chalcogenide alloy. The development history of phase-
change materials and some important events in their applica-

tions are shown in Fig. 1.

Neuro -inspired
computing?

Optoelectronic
hybrid storage?

512-Mb PCRAM
(2010)

128-Gb 3D XPoin
(2015)

Fig. 1. The development history of phase-change materials and some important events in their applications.

The first observation of phase change induced by elec-
trical current was reported in MoS,.!'®! Ovshinsky first de-
veloped both electrically controlled threshold and memory
switching devices!!'”! and laser-induced phase change for
amorphous chalcogenide films.["®) Two of the most impor-
tant phase-change materials, which are GeSbTe and AglnS-
bTe, were discovered in 1987 and 1991 respectively. The re-
versible reflectivity change in the chalcogenide alloy film has
been firstly applied in phase-change rewritable optical disk
successfully since 1990s. This technology became the main-
stream in optical disk and resulted in the commercialization
of 650-MB compact disk rewritable (CD-RW), 4.7-GB dig-
ital versatile disk rewritable (DVD+RW) or digital versatile
disk random access memory (DVD-RAM), and 20 GB-27 GB
high-density digital versatile disk (HD-DVD) or blue-ray disk
(BD).!1%20] The establishment of Ovonyx in 1999 marks the
formal rapid development of PCRAM. After ten years of re-
search and development, PCRAM has finally entered the stage
of industrialization. In 2010, the commercial availability of a
512-Mb PCRAM die (labeled as KPSIN15EZA) inside a mo-
bile handset has been confirmed by UBM TechInsights.?!] On
28 July 2015, 3D XPoint named as Optane memory, which
consists of 3D crossbar array structure with a selector and a

memory cell both based on phase-change materials, has been

announced by Intel and Micron!??! and has entered the market
as Optane solid-state drive (SSD)!?*! and storage class mem-
ory (SCM).1?#231 In 2018, Intel announced a new class of Op-
tane memory named as Optane DC Persistent Memory, with
capabilities that would bridge the gap between SRAM/DRAM
and non-volatile storage while expanding the amount of mem-
ory available per CPU socket to as much as 3 TB.[?° If Optane
DC Persistent Memory is integrated with DRAM, the comput-
ing efficiency of big data centers and large servers will be im-

[26] However, it is

proved by about two orders of magnitude.
difficult to replace existing mature memory technologies be-
cause the programming speed of this device is slightly slower
than that of DRAM although it has a larger storage capability
and nonvolatile features. Some improvements on performance
of PCRAM in terms of access time, storage density, power
consumptions, reliability, and price point are still being pur-
sued. In order to further improve the storage performance of
PCRAM, many new storage concepts based on phase-change
materials will appear in the future. For example, applying
different optical/electrical pulses can obtain continuous resis-
tance changes and the output of multiple phase-change neu-
rons will be slightly different even using the same input signal,
which is the characteristics of biological neurons. This char-

acteristic makes it have broad commercial prospects in neuro-
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inspired computing, which has gradually become a research
hotspot. In this paper, the research progress of phase-change
materials and device structures for PCRAM, as well as the
most critical performances for a universal memory, such as
speed, capacity, and power consumption, are reviewed and the
new concept of optoelectronic hybrid storage based on phase-
change material is proposed and its feasibility to replace ex-
isting memory technologies as a universal memory is also dis-
cussed.

2. Principles of PCRAM

In phase-change memory studies, the programming
of information bits is accomplished by means of ther-
mally/optically/electrically induced phase changes between
the amorphous and crystalline states in phase-change material
film as shown in Fig. 2.7 The reversible structural change
in the films results in a pronounced change of material reflec-

tivity and resistivity, which can be measured in the informa-

Crystallinestate
High reflectivity

Low resistivity

Crystalline
RESET/Erase

JuL

Amorphous state
Low reflectivity
High resistivity

Amorphous

Short high laser or
Electrical pulse
(RESET pulse)

tion readout operation. An initially amorphous as-deposited
phase-change layer is crystallized by exposure to a laser beam
or an electrical pulse with intensity sufficient to heat the ma-
terial to a temperature above the glass-transition temperature,
which is called SET process. By using a short laser or electri-
cal pulse with high intensity enough to melt the phase-change
layer can then convert the crystalline phase into the amor-
phous one after quenching. The reversible resistivity change
in the alloy film can be applied in a new non-volatile memory
named as PCRAM, which has been pursued for many years.
The early work disclosed some of the fundamental concepts
of the PCRAM, such as storage materials, storage principles,
device structures and prototype devices. It is only in the past
15 years that advances in materials and device technology have
made it possible for PCRAM to be one of the most competi-
tive new storage technology to replace incumbent mainstream
technologies such as FLASH and DRAM, where the comput-

ing and storage memories could be unified. >3]
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Fig. 2. Models of amorphous and crystalline phase-change materials. In phase-change material memory devices, the amorphous and crystalline states are
used to encode information. Large contrast in reflectivity or resistivity between the amorphous and crystalline phases of phase-change materials defines
the two logic state as “0” and “1”. Fast and reversible switching between the two states is achieved by crystallization (SET/Write) and amorphization
(RESET/Erase). Reproduced with permission. >’} Copyright 2019, WILEY-VCH Verlag GmbH & Co. KGaA.

3. Comprehensive performance optimization of
PCRAM

In order to replace existing memory technologies, such as
SRAM, DRAM, and FLASH, and become a universal mem-
ory, performance of PCRAM in terms of access time, stor-
age density, power consumption, and reliability should be im-
proved greatly. According to the general heat formula as
shown in Fig. 3, the power consumption of PCRAM device
cell is related to many factors, such as operating current,
phase-change material characteristics, device structure, heater
In PCRAM device cell,
the reversible phase-change resistor plays a dual role, which

materials, chip circuit design, etc.

is to consume heat inducing phase transition between amor-

phous and crystalline states, and generate heat due to its re-
sistance characteristic. For the latter, in order to improve the
heat production capacity of reversible phase-change resistor,
it is necessary to increase operating current /, phase-change
time ¢, and resistivity p. However, increasing the operating
current and the phase-change time are not the best choice for
low power consumption and high speed. It is feasible to in-
crease the resistivity in a reasonable range, which can be re-
alized by doping phase-change materials (see Section 4) and
introducing buffer-layer between phase-change materials and
heater electrode. For the former, in order to obtain low power
consumption, the following factors need to be considered at
least: low operating current, small phase-change volume, high
speed, and high heating efficiency, efc.
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Fig. 3. Heat consumption affecting factors of PCRAM device cell. Here, Q. is defined as the effective heat for phase-change process, P is the power,
t is the phase-change time, 7 is heating efficiency, / is the operating current, R is the resistance of PCRAM cell, p is the resistivity of PCRAM cell, L
is the thickness of phase-change material, S is the phase-change area contacting with the heater. The red up arrow represents increasing and the green
down arrow represents decreasing. The contents in the dotted box represent the corresponding improvement methods.

3.1. Low operating current

The large programming current is still one of the most
important issues that limit the adoption of PCRAM in many
applications, especially in the field of consumer electron-
ics, SCM, and brain like computing. Furthermore, exces-
sive operation current also restricts the further improvement
of PCRAM integration.
ming current (particularly RESET current due to the melt-

Therefore, reducing the program-

ing of phase-change material) is necessary for achieving both
high-density and low power consumption of PCRAM. In a
PCRAM cell, the RESET current is affected, at least, by the
device structure/size and the phase-change materials proper-
ties, such as melting temperature, electrical resistivity, ther-
mal conductivity, composition of the chalcogenide film, and
the degree of crystallization, which changes according to the
setting time of phase-change material, the electrical resistiv-
ity and thermal conductivity of top/bottom electrode, dielec-
tric environment, and device circuit design.*?! It was shown
that the main source of heat for amorphization is the phase-
change material bulk and interface regions instead of the con-
tacting electrode.!**! Therefore, a phase-change layer with a
much higher resistivity, which can be realized by doping or
disorder,*33! than the resistive heater is necessarily adopted
for a higher energy efficiency to markedly reduce RESET
current. %! The bottom electrode (BE) named as heater plays
a dual role, that is a current supplier and a “cooler” (as op-
posed to the heater) to insulate the phase-change area from a
thermal sink. A small-contact-area heater is used primarily
to minimize heat loss from the phase-change layer and there-
fore is one of the most important key processes to reduce the
operating current. Figure 4 shows the RESET current and cur-
rent density as a function of the equivalent diameter of a cir-

cular contact.[3323747] It is very clear that the RESET cur-
rent scales with the effective contact area of the PCRAM and
normally the minimum current density of 10 MA/cm? may
be required even with carefully engineered cell structures and

31 The RESET current for a 45-nm 1-Gb chip with
[48]

materials. |
a self-aligned puTrench-based cell architecture is 200 pHA.
By using thermally confined TaN/TiN BE, the RESET cur-
rent is 30 pA with BE diameter of 39 nm, which represents
a 90% reduction compared with conventional solid TiN.[3®!
Charge-injection GeTe/Sb,yTes superlattice PCRAM with the
BE with diameter of 50 nm can operate with a RESET-current
of 70 A and a SET-speed of 10 ns.!*!l Based on confined cell
structure and novel BE materials with 7.5 nmx22 nm con-
tact area, the fully integrated 20-nm node size PCRAM de-
vice was successfully produced and the RESET current was
below 100 uA.B71 PCRAM cells with single-wall and small-
diameter multi-wall carbon nanotube electrode achieve RE-
SET current of 5 pA/1.4 pA for carbon nanotube diameter of
5 nm/1.2 nm.3%4% In addition to reducing the heater contact
diameter, other methods can also effectively reduce the RE-
SET current, even less than current density of 10 MA/cm?. By
using a low current SET pre-operation method: the low sweep-
ing current induces Ge;SbyTes (GST) into the crystalline state
with high degree of disorder to facilitate the amorphization,
the RESET current density is only 4.84 MA/cm?, which is pos-
sible to integrate a selector in the same scale for 3D cross-point

applications. [4¢!

Unlike the melt-quench strategy to induce
amorphization, introducing defects in the crystalline phase can
engineer carrier localization effects enhancing carrier—lattice
coupling; and this can efficiently extract work required to in-
troduce bond distortions necessary for amorphization with-

out an intermediate melting process from input electrical en-
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ergy, which shows tremendous improvement in RESET cur-

[49

rent densities by two orders of magnitude!*®! and current den-

sity as low as ~ 0.3 MA/cm? are achieved for Bi-doped GeTe

nanowires. 471
~ 1000 f
E
3
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3
o
I
m 10F
A .
~
1 . 1 1
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Fig. 4. RESET current (a) and current density (b) as a function of equivalent
contact diameter, showing a linear scaling trend of RESET current with the
effective contact area as the device feature size goes down.

3.2. Small phase-change volume

Obviously, when the volume involved in the phase tran-
sition decreases, the energy required for the phase transition
will naturally decrease. Small contact area between heater and
PCRAM cell is one of the most important key processes to re-
duce the value of “S”. As long as it does not affect the device
performance, the thickness of phase-change material should be
reduced as much as possible.[>”! The ultra-thin phase-change
bridge memory device with cross-sectional area (3 nm (thick-
ness) x20 nm (width)) can reduce the RESET current below
100 pA.PY On the premise of retaining the memory func-
tion, it is very important to know how thin the thickness of
phase-change materials will be. By using XRD method, the
phase-change behavior with good thermal stability for GST
and N-GST, Sb, Te, and AgIn—Sb, Te, and GeSb with thickness
of 2 nm, 1.5 nm, and 1.3 nm, respectively was observed.>?!
For selenides, such as GeSe and SnSe, a few atomic bilay-
ers are sufficient to recover the bulk behavior.’3! However,
whether the voltage required for threshold switching (Vi) de-
creases linearly with film thickness must be considered be-
cause Vi, would fall below ~ 0.1 V for PCRAM cells smaller

e.32

than ~ 5 nm if that is tru 1 Such a small Vj, not only reduces

the readout window but also makes the data bits vulnerable to

voltage fluctuations, leading to unintended data loss. Fortu-
nately, results show that the scaling law governing threshold
switching changes to constant voltage scaling as the amor-
phous domain length falls below 10 nm.>* Therefore, V;;, has
the property of minimum value rather than infinite decrease if
the amorphous domain size is small enough, which indicates
that the size of PCRAM cells can be miniaturized to a true
nanometer scale without unintentional data loss.

3.3. High speed

Among the three processes (SET, RESET, and reading)
employed in phase-change data storage, the RESET time is
very short due to its quench characteristic and the SET oper-
ation is a bottleneck due to its close relationship with recrys-
tallization. In order to improve the SET speed, three parame-
ters may be controlled: fast crystallization, SET pulse profile,
and thermal environment. The development of new phase-
change materials with ultrafast phase-transition speed to ef-
fectively compete with other data storage alternatives requires
an improved understanding and tailoring of the recrystalliza-
tion process and its mechanism. There are two main types of
phase-change mechanism for phase-change materials used in
optical data storage.>>! The first one is nucleation-dominated
recrystallization mechanism, which is characterized by recrys-
tallization of the amorphous region via nucleation and succes-
sive growth of the nuclei formed within the region. While the
second one is growth dominated mechanism, which is char-
acterized by crystallization from the crystalline rim toward the
center of the mark. The characteristic of this mechanism is that
there is no nucleation process, which explains why the initial-
ization process of the optical disk is much slower than recrys-
tallization for such materials because first crystallization of an
as-deposited amorphous film is needed. The use of growth-
dominated materials would require an architecture that pre-
vents the complete amorphization of the phase-change mate-
rial in order to obtain high SET speed. Because there are many
factors, such as temperature, composition, material interfaces,
device geometry, device size, material thickness, polarity, and
device history, that affect the nucleation and growth kinetics of
phase-change materials, 3! whether the nucleation-dominated
or growth-dominated materials are more suitable for high-
density, high-speed, and low-power PCRAM depends on the
specific device structure and application. Normally, the SET
time of the PCRAM needs to be much longer than the crystal-
lization incubation time in order to make sure that the proba-
bility of a successful crystallization of the amorphous volume
is close to unity for reliability reasons. Therefore, nucleation-
dominated materials might be better candidates for application
in PCRAM if extremely small volumes need to be switched
completely. It was demonstrated that a SET process in a
PCRAM device consists generally of three stages in sequence,
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namely, threshold switching of an amorphous phase, incuba-
tion for nucleation, and growth of a crystalline phase.>®! Each
of these stage times has a strong dependence on input pulse
voltage and particularly threshold switching time was found
to have an exponentially decaying dependence. By control-
ling the crystallization kinetics of a phase-change material us-
ing pre-structural ordering (incubation) method, a crystalliza-
tion speed of 500 ps was achieved, as well as high-speed re-

s.37] Controlling nucle-

versible switching using 500-ps pulse
ation by reducing the stochasticity of crystal nucleation can
also realize 500 ps—700 ps memory writing.58>1 Recently, it
was found that the crystal-like distorted octahedral structures
could be the main building blocks in the formation of the over-
all amorphous structure of GST, 1601 which is beneficial to un-
derstand and improve the high-speed crystallization of GST by

phase-change materials engineering.

3.4. High heating efficiency

Based on simulation, a gross estimate of the heat transfer
in the PCRAM cell during RESET process indicates that only
about one percent of the heat is used for amorphization.[®!]
The effective reduction of the thermal diffusion into the
top/bottom electrode and surrounding dielectric materials is
with significant meaning to promote heating efficiency of
PCRAM. However, the thermal process for SET and RESET
of PCRAM is contradictory. During the SET process, very
good thermal insulation is required to promote the crystalliza-
tion of phase-change material. On the contrary, extremely fast
heat dissipation is necessary for the RESET operation in or-
der to obtain high enough cooling rate to realize the amor-
phous state. Therefore, thermal equilibrium must be found
to insure both SET and RESET operations successively for
a PCRAM cell. The thermal design of PCRAM device cells
strongly affects the operating current, reliability, and scaling.
Successful PCRAM implementations require careful analy-
sis and engineering of the heat generation and thermal re-
sistance distributions and geometrical and material aspects
should be taken into account for thermal design and optimum-

32611 A unique SET pulse combining dual pulses

cell scaling.!
with the 1st pulse of high voltage/short width and the 2nd pulse
of low voltage/long width was proposed, which results in 80%
of energy saving and 10-times fast write speed.!®?! In order
to raise the heating efficiency and reduce operating current,
heater buffer-layer with low thermal conductivity and high re-
sistivity should be employed and heater engineering was more
promising way than heater size reduction because of the high
efficiency for joule heating of heater buffer-layer.[%! An in-
serted heating buffer-layer with an electrical resistivity higher
than 0.1 Q-cm and with specific heat and thermal conduc-
tivity equivalent to those of phase-change material was sug-
gested to decrease the operating current effectively.!*! Many

heating buffer-layer materials, such as amorphous carbon, %4
TiON,[63:66] TiSiN, 67681 SiTaN,,[%70] GeSi,l"!! Ta, 05,7
GeSiN, 731 GeSiSb,"# GeN, 73761 Cg, "71 TiO,, 78791 poly-
Ge, B Si-rich SiSb,,!8!1 W03, 82331 Ce0,,!84 HfO,,85:86]
graphene, [®7] ezc., have been reported. However, such inter-
facial films should be optimized with a relatively appropri-
ate thickness in order not to introduce series resistance. TiO,
is widely used in complementary metal-oxide—semiconductor
(CMOS) process and it is was shown that an 8-nm TiO, heat-
ing buffer-layer can reduce the RESET current of the PCRAM
cell by 68% compared with that without TiO; layer.!”®! Due to
its very low thermal conductivity, a high melting point and a
stable orthorhombic crystal structure around the melting point
of GST, the crystalline WO3 thin film effectively helps to sup-
press the heat dissipation through the W plug to enhance the
thermal efficiency.!3>83 Significant reduction of the RESET
and SET currents and of the energy required to switch the
PCRAM cells are realized because the cell active area is re-
duced greatly due to the creation of conductive paths in the
HfO, layer during the initial forming procedure.®l PCRAM
devices based on graphene interfacial thermal resistance have
about 40% lower RESET current and the graphene could fur-
ther enhance the endurance by limiting atomic migration or
material segregation at the BE interface.®”! Not only the heat
dissipation of the BE is obvious, but also a lot of heat is lost
through the upper electrode, which is estimated to be 3%—17%
of the applied energy.!°!! It is very necessary to improve the
heat efficiency and to reduce the programming power by using
a suitable upper electrode heating layer. It was indicated that a
higher temperature achieved by using crystalline SiGe,N, up-
per heating layer than the amorphous one and the hottest posi-
tion in the phase-change layer slightly moved close to the BE,
indicating an improved heat efficiency and power consumption
for the PCRAM cell.!”3! Superlattice-like top electrode with
low thermal conductivity was also shown to reduce the power

(831 Finally, new insulator is also useful for reducing

greatly.
power consumption and implementing the thermally resistive
multilayer dual-layer stack of Si0O,/Al,O3 insulator enables a
60% reduction in RESET energy compared with SiO;-isolated

devices. 3%

4. Phase-change materials for high speed and
good thermal stability

Basically the information is stored in form of the dif-
ferent phases of the phase-change material both for phase-
change rewritable optical disk and PCRAM. Almost all the
material, such as metals, insulators, and semiconductors, can
exist in an amorphous phase and/or a crystalline phase. How-
ever, only a very small part of these materials have the ba-
sic characteristics of information storage technologies. In
short, the characteristics of phase-change materials include
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good data retention, short crystallization time, relatively low
melting temperature, high reflectivity/resistivity contrast be-
tween amorphous and crystalline state, and good cycle per-
formance. For a long time, considerable efforts have been
put forward to identify materials that meet all the require-
ments. In recent years it has become clear that many crys-
talline phase-change materials are characterized by an uncon-
ventional property combination. A map has been suggested
to locate such materials.[*-?1 So far, many review papers on
phase-change materials have been published,”>~"®! mainly fo-
cusing on the application of phase-change materials in opti-
cal disk, 2627971 pCRAM, [3:28.32.98-102] prain-Jike memory or
neuron-inspired computing,3’1%3 and optical modulators or
photonic device, [102:104.105] 450

At present, the most widely researched and used phase-
change materials can be found in the schematic ternary phase
diagram as shown in Fig. 5.1°798] Two classes of phase-change
materials were discovered that could deliver these short

PCRAM

2001 Intel/ Ovonyx/Azalea Microelectronics (4 Mb)

2004 Samsung (64 Mb)

2005 Samsung (256 Mb)

2006 Samsung (512 Mb)

2008 Intel/STMicroelectronics (128 Mb, Prototype)

2009 Samsung (512 Mb, Mass production)
Numonyx/Intel (3D 64 Mb)
Numonyx (1 Gb)

2011 Samsung (8 Gb)

2012 Micron (1 Gb, Mass production)

2015 Intel/Micron (128 Gb, 3D Xpoint Optane memory)
Intel (Optane SSD)

2018 Intel (512 Gb, Optane DC persistent memory)

GeTe

erasure times, enabled by their fast crystallization speeds:
nucleation-dominated materials (NDM) and fast-growth mate-
rials (FGM).[190] GeSb,Te7, GeSb,Tes, and GST are the most
famous chalcogenide compounds along the GeTe—Sb,Tes
pseudobinary line, which are the typical representatives of
NDM. The binary compound Sb,Te forms the base compo-
sition of FGM and Ag/In-doped Sb,Te alloys (AIST) are the
typical ones. GST and AIST alloys were widely used in CD-
RW, DVD+RW, DVD-RAM, and HD-DVD or BD since 1987
and 1991, respectively.!!?2097] For PCRAM, the most mature
and most widely used phase-change material is GST. How-
ever, the composition must be modified by doping in order
to improve the resistivity, data retention, overwrite cyclability,
and crystallization speed of GST. So far, many elements have
been chosen to dope GeSbTe, as shown in Fig. 6(a). A small
amount of nitrogen or carbon doping into it seems to be an

attractive approach.

Optical disk
1990 First product (500 MB)
1998 DVD-RAM (2.6 GB)

2004 HD-DVD or BD (25/50 GB)

Ge(In, Ag, Si, Sn)

Optical disk
1997 CD-RW (650 MB)
1999 DVD-RM (4.7 GB)

Te(Se)

1987 2003 HD-DVD or BD (23.3 GB)

GeTe—Sb,Te;

'Ge,Sb,Tes

Ge,SbTe 1991

Ge,SbyTe; AgInSbTe
Sb(Bi, Au, As

doped doped (Sb ’baslel(’i )
SbyTe; Sb,Te

Fig. 5. Schematic ternary phase diagram depicting different phase-change alloys with their year of discovery and a summary of the development of
optical and resistive phase-change memories. Reproduced with permission.[®8! Copyright 2018, IOP Publishing.

Fig. 6. Phase-change materials with different dopants into (a) GeSbTe- and (b) SbTe-based chalcogenides.
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Doping a small amount of nitrogen into phase-change
materials remarkably improves the write/erase cycling num-
bers of phase-change optical disk. The reason may be that
nitrides are formed and condensed near the grain boundaries
of Ge—Sb-Te microcrystals, which results in the formation of
very thin wrappings to suppress the micro-material flow.!!%7]
The nitrides formation has been confirmed by XPS,[135.136]
high-resolution x-ray photoelectron spectroscopy and Ge K-
edge x-ray absorption spectroscopy measurements.''>’ Some
experimental results show that interstitial N, molecules ex-
ist in the film, which plays a role in suppressing the crys-
talline grain growth.!!38 The roles of doped nitrogen in GST
film are to distort the crystal lattice, induce a strain field in
the film, and refine the grain size through precipitation.!!!
A two-step process including spherical-nucleation and disk-
shaped grain growth was found during the crystallization of
GST film. However, nitrogen-doping into GST film sup-
presses the second step and the crystallization of GST-N
contains only the primary nucleation process.!'*”) The phase
transition from face-centre-cubic (FCC) to hexagonal (HEX)
structure was delayed or even suppressed by nitrogen doping
and the FCC structure unit cell is distorted due to nitrogen
atom occupying the tetrahedral interstitial site because the vol-
ume of the tetrahedral site is not large enough for a nitrogen
atom to occupy.''3¢! Nitrogen doping can increase the resis-
tance of GST to some extent due to the grain refinement, 4]
which results in the obvious scattering of current carrier by
grain boundary. Two obvious steps were also observed in the
resistance—temperature curve of GST-N film, which is very
important for multilevel storage.!'*”! PCRAM chips based
on GST-N show that low writing current and clear separa-
tion between SET and RESET resistance distributions was
achieved!!'*3! and the convergence of device resistance distri-
butions was increased greatly.[144]

Carbon atoms are found to significantly enhance the ther-
mal stability of amorphous GST by increasing the degree of
disorder of the amorphous phase based on simulations!'*! and

[146,147] pecause the carbon dopant forms a germa-

experiments
nium carbide phase and atomic scale carbon clusters.!'?’] The
FCC phase stability of the GST-C film was maintained by car-
bon doping after annealing at 440 °C and the grain size of
the GST-C film was significantly decreased due to the pres-
ence of carbon in the form of clusters or precipitating at the

(148] The microscopic C-doping role was un-

grain boundaries.
raveled based on ab initio calculations.!'*°! Carbon prefers
occupying the interstitials at very low C concentrations and
C atoms will cluster at the grain boundaries with very few
C atoms existing at the interstitials when the C concentra-
tion is over 2%. With further increasing the C concentra-
tions, C atoms tend to form ring-like configurations in the

grain boundaries rather than chain-like configurations. The

atom probe tomography (APT) technique was used to investi-
gate the carbon distribution in GST-C.!"5% APT results reveal
the formation of plenty of GeC-based molecular clusters in the
as-deposited GST-C, which leads to the remarkably improved
thermal stability of GST-C. Moreover, these C-based bonds
will break in the recrystallization process and form nanometer-
scale carbon clusters in crystalline GST-C. With the aid of
advanced spherical aberration corrected transmission electron
microscopy, the mechanism of microstructure evolution ma-

151 The grain-inner

nipulated by C-dopant is clearly defined.!
C atoms distinctly increase cationic migration energy barriers,
which is the fundamental reason for promoting the thermal sta-
bility of metastable FCC phase and postponing its transition to
the HEX structure. By current pulses stimulation, the stochas-
tic grain-outer C clusters tend to aggregate in the active area
by breaking C—Ge bonding; thus, grain growth and elemental
segregation are effectively suppressed to improve device relia-
bility resulting in > 108 cycles for 40-nm node 128-Mb chips
based on GST-C.[!30!

A third material family with very fast phase transition rate
has been found that uses Sb based phase-change materials,
such as GeSb,!!3?! SiSb,[153] ZnSb, 154 SnSb, 1531 CSb, 11561
or GaSb,!>71 etc. However, the amounts of dopants should
be controlled precisely. According to the latest report,[!38]
the amorphous problem of single element Sb as phase-change
storage material has been solved by special technology and
it can become a valid alternative when confined in extremely
small volumes. This compositional simplification eliminates
problems related to unwanted deviations from the optimized
stoichiometry in the switching volume, which become increas-
ingly pressing when devices are aggressively miniaturized.

Next, we will focus on the fourth material family that
uses doped-Sb,Tes; (ST) phase-change materials. Due to its
high crystallization speed and low crystallization temperature,
ST based chalcogenide semiconductors have already been
widely used in rewritable optical disk.!'>°-103] The switch-
ing characteristics of doped SbTe!!'63! and ST films for
PCRAM application were first described in 2005. Various
compositions of Sb,Te phase-change films have also been

165] However, the stability of amorphous SbTe-

investigated. !
based phase-change materials is very poor and the applica-
bility of a doped-SbTe composition for the phase-change line
memory was first reported by Lankhorst, e al.l'%3 Although
doping can reduce the phase-transition speed, doped-SbTe film
can also obtain high-speed phase-transition performance as
long as the doping degree is reasonably controlled, even at
the expense of some phase-transformation speed. Doping one
or more elements to SbTe-based chalcogenide has been stud-
ied widely (as shown in Fig. 6(b)). In particular, the doping
modification of ST has become an important research hotspot
of PCRAM with high speed and low power consumption.
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Both crystallization temperature and resistivity of amorphous
ST increase after doping, which are beneficial for improving
room temperature stability of the amorphous state and reduc-
ing the SET/RESET current of PCRAM. In short, Ge, Al, and
N dopants sacrifice the phase-transition rate of ST too much,
and the increase is not great compared with GST. The disad-
vantages of ST/Ta;Os, ST/HfO,, ST/SiN, and ST/SiC com-
posite phase-change materials are mainly due to the poor sta-
bility and micro shrinkage caused by the composite of ST
with large grain size and dielectric materials. Ag, Si, and Ti
dopants have phase separation or delamination during phase
transition, which is not desirable. The phase-change memory
cell based on Tip 4SbyTes alloy, showing one order of magni-
tude faster SET operation speed (6 ns) and as low as one-fifth
RESET operation power, compared with GST-based phase-
change memory cell at the same size.!!8>! Ti-centered octahe-
dra (TCOs) not only disperse inside of the HEX ST lattice, but
also form nano-lamellae separated outside, respectively act-
ing as lattice distortion centers and nano-thermal insulators to
induce low-energy amorphization of the restricted ST crystal
grains. It was also identify that in amorphous Tip4Sb,Tes,
the Ti atoms prefer to maintain the octahedral configuration.
Such robust TCOs or nano-lamellae thus may serve as in-
trinsic nucleation centers or templates for surrounding Sb-
centered atomic motifs to swiftly align into long range order
to achieve high-speed recrystallization.[?>204] The PCRAM
chip with Tip4Sb,Tes phase-change material was developed
based on 12 inch (1 inch=2.54 cm) and 40-nm process.?%!
The SET/RESET operation current and speed are better than
the chip performance based on GST under the same condi-
tions. However, in the process of improving the chip yield
based on Tip4SbyTes phase-change material, Ti doping eas-
ily leads to the delamination of phase-change material, which
leads to the improvement of chip yield becoming very difficult.
Cr doping is beneficial to improve the crystallization temper-
ature (235 °C) and data retention of ST material (120.8 °C,
ten-year) and inhibit the grain growth under the premise of
maintaining high speed.!'®3] On the basis of ab initio calcula-
tions, Y dopant for ST overcomes the phase-separation prob-
lem and significantly increases the phase stability and resis-

[197) The maintained crystal structure

tivity of crystalline state.
of ST and the grain refinement provide the competitive fast
crystallization speed of 6 ns for Y-doped ST.>°°! Up to now,
Sc-doped ST has the fastest phase-transition speed of 500-700
picoseconds for PCRAM.85%! This ultrafast crystallization
stems from two factors being at work simultaneously. First,
Sc-stabilized precursors serve as heterogeneous sites to cat-
alyze nucleation, reducing the stochasticity and thereby accel-
erating the nucleation rate.>®! Second, the Sc-doped ST ex-
hibits an enlarged kinetic contrast between elevated and ambi-

ent temperatures. (591

5. Structure of PCRAM cell

As described in Section 3, the device structure has a great
impact on many performance of PCRAM, such as operating
current, power consumption, retention, endurance, speed, in-
tegration, SET and RESET resistance distributions, efc. In
particular, many device structures are designed to reduce op-
erating current and improve device integration. The best way
to reduce the operating current is to design and optimize the
structure of phase-change reversible resistor, which needs to
follow the following basic principles: simple, feasible, scal-
able, good compatibility with semiconductor process, efc.

PCRAM cell structures tend to fall into one of two gen-
eral categories: that which is called TOP-DOWN route de-
pending on the semiconductor technology node and that is
called BOTTOM-UP route depending on the self-assembling
of nano-device, which is not compatible with semiconductor
process. The TOP-DOWN route is widely used to design the
cell structure and includes contact area minimization mode
and phase-transformation volume minimization mode. The
former mainly controls the cross section area by the size of the
electrical contacts to the phase-change material, which may be
named as contact minimized. And the latter mainly minimizes
the volume size of the phase-change material itself within the
cell by filling or confining the phase-change material into a
pore opened in a dielectric material. The results show that
compared with the contact-minimized device structures, the
typical volume-minimized device structures have more advan-
tages in thermal efficiency and the RESET current can be re-
duced by a factor 2, which shows that it has better applica-

2071 Some published

tion potential in low power consumption. !
PCRAM resistor device structure diagrams are summarized in
Fig. 7.

The most common contact-minimized cell structure is the

208 where a narrow cylindrical metal elec-

mushroom cell,!
trode contacts a thin phase-change material film. The BE de-
scribed as the “heater”, typically made of the most common
interconnect electrode materials (such as TiN or W) in CMOS
process, is the smallest part in this cell. The most important
requirements for this structure are to minimize the diameter of
the heater and select heater materials with suitable resistance,
stability and thermal conductivity. Another contact-minimized
cell structure is the edge contact cell,?%] whose contact area
is determined by a thin film thickness in one dimension and
very low programming current is achieved. It is because of the
lateral contact characteristics of this structure that the element
size is not small and the integration is limited. A cell structure
named as p-trench contact is the third contact-minimized cell

2101 The new key concept introduced in this archi-

structure. !
tecture, that keeps the operating current low and maintains a

compact vertical integration, which is beneficial for improving
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the integration. The contact area between the heater and the
phase-change material is defined by the intersection of a thin
vertical heater and a trench that is called “p-trench”, which can
be defined by sub-litho techniques and the heater thickness by

film deposition. Therefore, the cell performance can be op-
timized by tuning the resulting contact area conveniently and
a continuous improvement of power consumption is expected
with the improvement of process nodes.

[ ]

(a)
Top Electrode (TE
op Electrode (TE) TE PV TE
Phase change Heater
. Programmable
Materials (PCMs Volume (PV] PCMs
PCMs \ Heater —‘
eate
BE
Bottom Electrode (BE) BE
Mushroom[2%8] Edge contact[?%”]

p-trench(?!%]

: ) Top view
Yertlcal Top View LTO Spacer P Contact area
PCMs view .
] Core
T \IT-Ieater Dielectr;
Protect Dielectric Heater
layer or
BE PCMs
Sandwiched bladaitziz] Ring-type(2!3.214] Cross-spacer[215] Dual blade!?!'¢!
b
©) TE TE Electrode PCMs line
PCMs PCMs s 1 1
Heat SiO
——. Pore Heater — Confined e T
‘I: | PCMs PCMs line
BE BE Electrode
Porelike[?!7) Partial confined'®) Phase change linel!63]
PCMs “bridge” TE | | TE | | TE |
PCMs dash PCMs
% PCMs dash Column
| . | SiN SiN SiOx Heater
Electrode Electrode —— Heater OTS
[ o | bE I
Phase change bridge®!! Dash- type[219] Phase change dash**! 3D Xpoint!!7]

Fig. 7. PCRAM device structures, (a) contact-minimized and (b) volume-minimized.

Moreover, optimizations of the heater material itself and
thickness are proven to allow a reduction of the operating cur-
rent, leaving room for further improvements. The p-trench
architecture has been integrated in a 90-nm 128-Mb array
with programming currents of 0.3 mA of the storage element,
which demonstrates the suitability of this structure for the pro-
duction of high-density PCRAM arrays.[?*°! In order to pre-
vent the heater in p-trench structure from being oxidized by
the surrounding oxide materials during the deposition process

or SET/RESET operation,??!! resulting in the dispersion of

heater’s resistance, a structure named as sandwiched blade
heater was proposed.[?!!->1?! The forth contact-minimized cell
structure is the ring-type contact cell, which includes ring-type
BE[?'3] and ring-type phase-change material.[>'4! The effec-
tive ring contact area is mainly related to the diameter and
thickness of the ring, which makes the contact area of the ring
less sensitive to the change of the ring diameter, because the
relationship between the ring contact area and the ring diam-
eter changes from quadratic to linear. Therefore, compared

with the traditional cylindrical BE, the ring-type structure can
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improve the stability of the contact resistance. The ring-type
BE technology was successfully used for high-density 256-
Mb PCRAM.[???! Tt was clearly demonstrated that the ring-
type BE results in very sharp distributions of SET and RE-
SET resistances, a wide sensing margin, high manufacturabil-
ity, and low RESET current. The fifth contact-minimized cell
structure is the cross-spacer cell, whose contact area between
phase-change material and heater is determined by the crossed
area of both spacer sidewalls.?!32231 The ultra-small lithogra-
phy independent contact area leads to low RESET current for
competitive memory density and high performance. A similar
but simpler dual blade structure is proposed./?!¢! The BE and
phase-change material both with blade type are used to con-
tact each other vertically to minimize the contact area, which
is determined by BE and phase-change material film thickness.

In the early stage of PCRAM device fabrication, the typ-
ical volume-minimized cell structure was widely used. This
structure is normally called as pore structure,?!”! where a sub-
lithographic hole formed in a dielectric material atop the BE is
filled with the phase-change material. The electrically erasable
nonvolatile memory with device area being limited to 10 pm
openings in the polyimide film defined by photolithography
was firstly reported.?>*! In order to reduce the pore size and
the operation current, focused ion beam (FIB) was used to fab-
ricate the pore.!?>>2261 However, with the continuous reduc-
tion of pore size and the increase of aspect ratio, it is diffi-
cult to achieve good filling of phase-change materials in nano
pores by using conventional physical vapor deposition pro-
cesses. Therefore, it is necessary to develop new filling tech-
nologies for phase-change material, such as chemical vapor
deposition or atomic layer deposition technology, to enable
continued scaling of pore cell devices. In order to reduce the
difficulty of nano-gap filling, the “partial confined structure” is
another innovative idea for achieving low RESET current.[?!8]
The main function of a partial confined structure is to reduce
the difficulty of nano-gap filling for phase-change material and
provide a better thermal environment for the PCRAM cell so
as to lower the RESET current. The confined structure cell
has a rectangular amorphous region after RESET operation ac-
cording to the simulation results by two-dimensional finite ele-
ment modeling.[>?”! The simulated results have also suggested
that it is possible to drop RESET current further while increas-
ing the depth of confined phase-change material and decreas-
ing the corresponding contact size.>'8! By using etching back
process of heater, the partial confined structure was fabricated
and is a promising candidate for high density PCRAM due
to low writing current, good scalability, and insensitiveness to
edge damage.2!8:228.229]

A new volume-minimized memory concept, which is
called the phase-change line memory, was proposed.''%3! For
the conventional PCRAM concept, the performance require-

ments for heating electrode are very high, such as easy to
process, compatible with CMOS process, suitable resistance,
high thermo-stability, no reaction with phase-change materi-
als, and good adhesion with phase-change materials, etc. The
requirements for electrodes in the line concept memory are rel-
atively less and much less stringent because these electrodes
are relatively large and will stay cooler. Also the processing
technology of phase-change line memory is relatively sim-
ple, which requires only one or two additional lithographic
steps on the basis of standard CMOS process. Similar to the
line-concept memory cell, an ultra-thin phase-change bridge
(PCB) volume-minimized memory cell, which consists of a
narrow line of ultra-thin phase-change material defined by us-
ing electron-beam lithography (EBL) and ion-milling bridging
two underlying electrodes, is demonstrated. >?! Different from
the phase-change line memory, the two electrodes of the PCB
memory are very close to each other, and the nano-gap in the
middle is filled with dielectric materials. In this way, the very
small cross-sectional area and volume of phase-change materi-
als can be realized through ultra-thin and narrow sheet-shaped
films, which is benefit for scaling down. However, for both
phase-change line and bridge structures, the common disad-
vantage is that the integration is not high due to their horizon-
tal structures. Therefore, a new vertical type volume-confined
structure within 7.5-nm width dash-contact was proposed.>!”!
The RESET current was reduced below ~ 160 pA. In ad-
dition, the reliability and programming time was much im-
proved due to the full volume confinement of PCRAM cell.
Furthermore, a scalable volume-confined structure with only
10-nm width dash-type phase-change material was fabricated
by using spacer and chemical mechanical polishing (CMP)
technology with no fill-in issue.*3 In 2015, the proposal of
3D XPoint structure with the highest integration degree and
suitable for 3D integration makes PCRAM structure reaches
the most perfect level at present.l*? 3D XPoint has cross-
bar structure with phase-change material, heater, and ovonic
threshold switch (OTS) totally confined at the same size and
yields a non-volatile memory with capacity available per CPU
socket to as much as 3 TB,[2°! which is a revolutionary tech-
nology for memory since 1989.

6. Large storage capacity
6.1. Scaling properties for phase-change material

The scaling limit of a PCRAM device mainly depends on
the volume reduction limit of the phase-change material, and
the phase transition can still reliably undergo with good sta-
bility and cycling endurance. Therefore, it is necessary to use
a combination of theoretical simulation and experimental ver-
ification to evaluate whether the melting and recrystallization
behavior of phase-change materials still meet the basic storage
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requirements of PCRAM when the volume of phase-change
materials is reduced to nano scale and the interface effects start

(2391 In order to explore the physical limit of the vol-

to prevail.
ume reduction of phase-change materials, many experimental
methods have been used to prepare nano-scale phase-change
memory cells, such as standard lithography technology,?3!]
EBL,[?%?! FIB lithography,[163164233] scanning probe mi-
croscopy (scanning tunneling microscope!>**! and atomic
force microscope!?*1), BOTTOM-UP approach using phase-
change material nanowires with small diameters,236-244]
ultra-thin PCB memory device concept,?! and carbon nan-
otube electrode.3%>431 The carbon nanotubes are the best elec-
trode materials to verify the volume limit of phase transition
due to their small diameter, good conductivity, stability, and
proper thermal conductivity, which can bring the lithography-
independent critical dimension down to 1.2 nm.°! Good
electrical characteristics obtained demonstrate the function-
ality and potential viability of PCRAM for highly scaled

In ad-
246,247

ultra-dense memory at least down to 2.5-nm node.
dition, two-dimensional materials, such as graphene,[
sulfides, 2482991 and tellurides, %2511 can also be used to inte-
grate with phase-change materials in the form of edge contact
and enable switching with low programming current due to the
atomically thin films of layered materials. At the same time,
the two-dimensional materials themselves may have switching
characteristics and can be integrated with phase-change mate-
rials both as transistor and heating electrode, which will show
high integration and ultra-low power consumption. However,
the process will become more difficult and the stability of the
device is not easy to control.

6.2. Multi-level-cell operation

Multi-level technology has been applied in NAND
FLASH for a long time, which is a necessary scheme for new
storage technology to obtain large capacity storage. Because
the crystallinity of phase-change materials can change con-
tinuously, the reflectivity and resistivity also change continu-
ously, which is very suitable for multi-level storage. The mul-
tilevel storage properties of phase-change materials have been
successfully applied in phase-change optical disks realized by
various methods, such as mark radial width modulation, 19-252]
tangential mark-size modulation,>>3! and run-length-limited
modulation. 4233 As early as 1997, Ovshinsky realized the
16 multi-level electrically induced reversible transformation
of phase-change material in a single memory cell, which ver-
ified the feasibility of multiple-level-cell (MLC) application
in PCRAM.?%%! The microstructural changes induced by re-
laxation of phase-change material will lead to resistance drift,
which is disadvantageous to MLC. Therefore, it is very im-
portant to control the resistance distribution and its drift of
each state, which is the key for a successful MLC PCRAM.

In order to control the resistance drift, it is necessary to un-
veil the structural origin of phase-change materials for resis-
2371 Several methods have been reported for obtain-

ing different stable resistance states, such as doping modifica-
142

tance drift.[

I stacked multiple chalco-
261,262]

tion of phase-change materials,|
genide layers,[>8-26%1 Jateral phase-change memory,!
parallel multi-confined cell structure,?%3! waveform manipu-

2642651 and program-and-verify

lation of programming pulse,
(P&V) technique. 262671

It was shown that up to 16 intermediate resistance
levels in a cell, i.e., 4 bit/cell can be programmed by
varying the amplitude or slope of the trailing edge of
the operating pulses, 2%l whose feasibility are further veri-
fied by partial-SET programming!?°>2%81 and partial-RESET
programming.?%"! Here, the partial-RESET programming is
defined as that larger volumes of the amorphous region will
be obtained by applying programming pulses of larger ampli-
tudes, and the partial-SET programming is also defined in the
same way as that the size of the amorphous volume will be
shrinked by applying pulses of lower amplitude, or sequences
of annealing pulses of appropriate magnitude to crystallize.
Although the experimental results have revealed the repro-
ducibility of the partial-RESET programming curve of a sin-
gle cell, considerable spreads over a memory array have been

2691 Nevertheless, a P&V technique can be adopted

observed. !
to compensate for these spreads and improve the accuracy of
programmed resistance levels.!?6%267] In fact, the MLC design
is a complex process, which can be described as a trade-off
among several factors, such as resistance distribution, drift,

temperature change, and sensing margin. (266!

6.3. 3D integration

The 3D storage based on phase-change materials was
first applied in optical disk.[>’?) Multiple-layer phase-change
optical disks have been realized with the aim of increasing
their recording capacity.!?’1=274] For semiconductor memory,
Moore’s law will soon fail as the size of process nodes gradu-
ally reaches the limit. The 3D technology is one of the main-
stream technologies beyond Moore’s law to further increase
the storage capacity. As one of the most important semicon-
ductor memory, FLASH memory has developed rapidly in the
past two decades, but it is also facing the challenge of further
shrinking.[>”>! However, due to the limitation of its storage
mechanism resulting in short-channel-effects and decreased
number of stored electrons, it is difficult for planar NAND
FLASH memory to further scale below the 10-nm process
node. Therefore, the 3D NAND FLASH will be a solution in
order to increase the memory density. >’ A 128-layer stack of
3D NAND FLASH memory was first announced by SK Hynix
in 2019. The 3D PCRAM technology is also one of the best
schemes for mass storage and the requirements for selectors
are more critical because the reversible resistor of PCRAM
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cell can scale to 2.5-nm node at least. The performance of
the three-dimensional integrated selector should meet the fol-
lowing conditions: a 4F? footprint, large On/Off current ra-
tio (> 10*) with low leakage current and sufficient program-
ming current density (> 10 MA/cm?), good cycling, switch-
ing within the time comparable to the phase-change speed of
PCRAM cell, compatible with CMOS process, efc.

So far, several selector candidates have been proposed
and the most promising ones are a Si-based diode?’7-281] and
an OTS.[2%2] In particular, OTS has the most practical value
and has become the research hotspot of 3D PCRAM selec-
tor. Ovshinsky discovered the switching and memory effect of
the amorphous materials in 1968.['7] It involves OTS[?%3! and
ovonic memory switching (OMS).[?%4] The typical current—
voltage (I-V) characteristics of PCRAM are shown in Fig. 8,
which contains OTS and OMS.32%1 OTS is related to the re-
versible switching mechanism between an electrical low con-
ductive state with very small leakage current and a high con-
ductive one with sufficient current. The structure of the ma-
terial is always kept in amorphous state during the switching
process even though the applied voltage reaching the thresh-
old value Vi,. The resistance returns to the high value again
when the applied voltage is released. Different from OTS,
OMS refers to the reversible transition between the stable high
resistance amorphous state and the low resistance crystalline
state. After the applied voltage is removed, the material can-
not return to the amorphous state automatically because the
structure of the material has changed into a stable one, but al-
ways remains in the crystalline state unless additional RESET
pulse is applied to induce the phase change. PCRAM is just
based on this OMS effect of phase-change material to store
binary information in a nonvolatile memory device.

I

> RESET current

RESET

I,

Quench to amorphous

1\ state
3\ during RESET

1 Crystallizatio
7 during SET
7

‘/rcad V'th

Fig. 8. Schematic /-V characteristics of a threshold switching device and
a PCRAM. In the case of threshold switching (OTS) indicated by the green
arrows, the device switches back to the high-resistance state at a low volt-
age. In the case of memory switching (OMS) indicated by the red arrows,
the low-resistance state is retained even at 0 V. The operation process of SET
and RESET is completed along the direction indicated by the red and blue
arrows respectively.

The emerging OTS materials and their performance in
devices, especially potential switching mechanism have been
reviewed and discussed in detail.?®) It is generally believed
that the threshold switching mechanism of OTS is a purely
electronic process, which is consistent with Ielmini’s theoreti-
cal model.[230] However, there are still many doubts about the
threshold switching mechanism of OTS, which is helpful to
the development of new materials for OTS and the optimiza-
tion of device performance.

The first 3D PCRAM chip consisting of a storage ele-
ment (PCRAM cell) and a selector (OTS) was introduced in
2009,2%21 and the physical construction of a memory cell is

shown in Fig. 9.1287]

Column

Top Electrode

Fig. 9. One layer of the PCRAMS array fully integrated with a CMOS tech-
nology and SEM cross-section of a PCRAM cell between rows and columns.
Reproduced with permission.?871 Copyright 2019, TOP Publishing.

Based on this structure, the two-layered 3D XPoint mem-
ory (Fig. 10(a)) named as Optane memory with capacity of
128 Gb per die was announced by Intel and Micron.*?! Fur-
thermore, Intel announced a new class of Optane memory
named as Optane DC Persistent Memory with packages of up
to 512 Gb per stick in 2018.1?%! Intel has built a platform with
192-GB memory, 1-TB Optane DC memory (Fig. 10(b)) and
attached to SATA/NVMe SSD for remote access. The biggest
features for 3D XPoint memory are 1000x more durable than
NAND FLASH while simultaneously offering a 1000x per-
formance increase and hitting densities at least 10x greater
than DRAM, which means that 3D XPoint memory has the ca-
pability of bridging the gap between DRAM and non-volatile
storage in the future (Fig. 10(c)). The OTS used in 3D XPoint
memory was Se-Ge—Si-based alloys doped with As,>*! which
have good thermal stability, low leakage current and good en-
durances. However, these OTS devices rely heavily on in-
tricate control of material stoichiometry and generally suffer
from toxic and complex dopants. A new binary OTS selec-
tor device based on C-Te exhibits outstanding performance
such as a high switching ratio, an extremely low off-current,
an extremely fast operating speed, high endurance, and high
thermal stability.[*®®) By introducing a thin amorphous Ge
layer between the top/bottom electrodes and the C-Te-based
binary OTS film, considerable device performance improve-
ments such as a nearly 2-order of off-current reduction and
tight distribution of Vi, and off-current, resulting in uniform
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switching characteristics, were achieved.?8°! Recently, a se-

lector based on GeS, an environment-friendly binary semi-
conductor, was reported and has large drive current density
(34 MA/cm?) due to the strong Ge—S covalency and high non-

linearity (~ 10°) arising from the synergy of the mid-gap traps
assisted electronic transition and local Ge—Ge chain growth as
well as locally enhanced bond alignment under high electric
field. 29!

(c)
i OPTANE DC ! !
; PERSISTENT MEMORY !

Speed OPTANEDC i

SOLID STATE DRIVE I

HDD/TAPE

1 HOT
Improving ! r MEMORY .
emory capacity! Capacity ]
iy ] Power consumption
y Improving SSD Cost
i performance | .
- - - - --T-T___ | STORAGE Non-volatile
Delivering efficient!
,and scalable storagei

Fig. 10. (a) TEM cross-section of two-layered 3D XPoint memory. (b) Photo of 3D XPoint memory released by Intel in 2018. (c) Optane DC memory

will bridge the gap between DRAM and non-volatile storage.

7. Optoelectronic hybrid storage

According to the latest development of PCRAM,
phase-change materials can achieve switching time of sub-
nanosecond and can be scaled down further to a few nanome-
ters, which may make PCRAM to lead to electronic devices
with improved computing efficiency by simplifying the mem-
ory hierarchy without massive data transfer between non-
volatile memories and DRAM/SRAM. In order to achieve this
goal, improvements on performance of PCRAM in terms of
access time and storage density are still being pursued al-
though great progress has been made in the above-mentioned
phase-change materials and storage capacity.

7.1. Concept for optoelectronic hybrid storage

From the basic operation principle of PCRAM, it can be
seen that the SET process of PCRAM involves the crystal-
lization of phase-change materials, which is the bottleneck of
PCRAM operation speed. At present, the experimental meth-
ods used to induce the crystallization of phase-change mate-
rials mainly include thermal annealing, laser induction and
electric pulse induction. Thermal annealing is only used to
study the basic crystallization properties of phase-change ma-
terials. The crystallization is sufficient, but it takes a long
time (more than seconds). In phase-change rewritable opti-
cal disk, the pulse width of a laser beam being used to in-
duce phase change can be short as picosecond and femtosec-

ond, and the reversible phase change can be also realized us-
ing such short laser pulse,”!l which means the write/erase
time can be scaled down to picosecond and even femtosec-
ond. However, the reflectivity contrast between amorphous
and polycrystalline state is not large enough and the carrier
to noise ratio of information storage is very limited. While
for PCRAM, the electrical resistance contrast between amor-
phous and polycrystalline state is very large with about one
order of magnitude, which can obtain high carrier to noise ra-
tio of information storage and be beneficial for MLC. How-
ever, the shortest pulses reported for electrical excitation of a
PCRAM device based on GST are only of 500 ps duration!>’!
although the threshold switching can take place within the
electric pulse on sub-picosecond time scales by using few pi-
cosecond single-cycle electromagnetic waves to optically ap-
ply an electric field to the PCRAM.??l Due to its thermal
effect phase-transition mechanism, PCRAM cannot meet the
requirements of ultra-high speed storage. So the question
comes out that if we can combine the advantages of phase-
change rewritable optical disk and PCRAM into one mem-
ory? In other words, if the reversible phase change induced
by laser is used to write and erase the information, and the
change of resistivity of phase-change material can be used
to realize the accurate reading of information. This is the
so-called optoelectronic hybrid storage phase-change mem-
ory with optical writing and electrical readout, which can
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give full play to the advantages of traditional optical storage
and electrical storage, and realize the purpose of ultra-high
speed storage.*”3] The display and data visualization appli-
cations that go beyond data storage were firstly created by
combining the optical and electronic property modulation of
phase-change materials.?>*l However, integrating both elec-
trical and optical modulation functionalities effectively into a
single memory device based on current semiconductor process
capability has so far proved elusive because the requirements
of size-limited electrical switching and diffraction-limited op-
tical response are in conflict.?>>! According to the require-
ments of optoelectronic hybrid storage, the following prob-
lems need to be solved: i) new phase-change materials with
high phase-change speed, high data retention and high resistiv-
ity contrast; ii) ultrafast phase-transition mechanism of phase-
change materials in picosecond/femtosecond time scale; and
iii) realization of optoelectronic hybrid memory device.

7.2. Phase transition induced by femtosecond laser

The phase transition of phase-change materials induced
by ps/fs laser has been widely studied. The phase change in-
duced by a picosecond or nanosecond laser pulse is a classi-
cal thermal process containing three distinct stages, namely,
rapid melting, solidification, and slow relaxation.[296-297] §o
there is no more discussion about this here. The interac-
tion between femtosecond laser and phase-change material
is very difficult to capture due to the ultra-short pulse width
of femtosecond laser. However, non-thermal melting and a
loss of long-range order up to 90 nm inside the InSb semi-
conductor was measured successfully at femtosecond resolu-
tion, which enables the possibility in the study of ultrafast dy-
namics in phase-change material.[?*8! The total time of ap-
plying energy is much shorter than the heat diffusion time
and phase-change time when femtosecond laser irradiates on
a sample. Therefore, crystallization and mark formation are
mainly determined by the instantaneous deposition of laser en-
ergy, which provides the ability to tailor the number of pulses
in addition to the laser fluence to control the crystallization
process?* and to realize multi-level crystallization.390-301]
For partially amorphized GST films, recrystallization can be
induced by a single pulse with width of 100 fs because the
existing crystalline grains play a key role in accelerating
crystallization.3%?! In addition, compared with the conven-
tional laser pulse, femtosecond laser pulse has much higher
peak energy, which can create small highly excited plasma be-
fore energy transfers from the excited carriers to the lattice.
Therefore, the electronic excitation can be significant and the
structural transition under femtosecond laser pulse can be ini-
tially non-thermal in nature.39?] By employing a femtosec-

ond laser double pulse with an adjustable inter-pulse delay,

the lifetime of excited electrons in melt-quenched amorphous
GST can be estimated to be about 100 ps.3%!l Note, how-
ever, that even when ultrafast non-thermal melting occurs, the
electrons and the lattice reach thermal equilibrium typically
within a few picoseconds so that subsequent resolidification
of the material on a much longer time scale is still a thermal

5.1303:3041 This statement is further confirmed by the car-

proces
rier dynamics of amorphous GST films, whose carrier relax-
ation consists of two components: a fast process dominated by
an intraband carrier relaxation and the carrier trapping within
5 ps and a slow recombination process of trapped carriers af-

2911 The crystallization behavior of amorphous GST

ter 5 ps.!
induced by nanosecond laser and femtosecond laser is quite
different.3%] For single laser pulse irradiation, it is colum-
nar growth behavior and neither tetrahedral nor off-octahedral
positions of Ge-atoms were detected in the defect-free grains,
while the crystallization after nanosecond laser single pulse
irradiation shows oval grains formation. Recently, the phase-
transition process in picosecond time scale has been observed
by ultrafast transmission electron microscopy in real time, 3]
which is very useful for studying the ultrafast phase transition
of phase-change materials.

Femtosecond laser can also induce the amorphization of
phase-change materials, and has obvious advantages, such
as a complete amorphization with sharp borders between
amorphous and crystal phases and a more efficient energy
deposition.?%7l Due to the higher supercooling, a complete
amorphization can be achieved by using a single femtosec-
ond laser pulse with width of 85 fs for GST films!**! and
130 fs for Cr-doped ST films.!"*¥1 Amorphization can also be
realized without passing through the molten phase, in form
of a photo-assisted process generating sufficiently high carrier
densities to trigger the phase transition>*831%1 or a collapse
of long-range order triggered by distortions in the crystalline
phase.[311]

7.3. Phase-change materials for optoelectronic hybrid

storage

Although GST is the most mainstream phase-change ma-
terial, it has many advantages, such as stable composition and
high cycle times, and has been successfully applied to phase-
change optical disk and PCRAM. However, due to its disad-
vantages in phase-change speed, data retention, and power
consumption, GST is not the optimal phase-change material
for optoelectronic hybrid storage. Interfacial phase-change
memory (iPCM) consists of a superlattice (SL) structure
(Figs. 11(a) and 11(b)*1?!) formed from alternating layers
of GeTe and ST.3131 iPCM was designed to utilize a solid-
solid phase transformation between the covalently bonded
(amorphous) and resonantly bonded (crystalline) phases, in-
duced predominantly by the displacement of Ge atoms at the
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interface, to achieve both faster and lower power threshold

3101 In the early

switching than in conventional GST alloys.|
stages of the non-thermal pre-amorphization under repetitive
photo-excitation, the bonding coordination around Ge atoms
in the iPCM system becomes unstable due to the coherent
modulation, resulting in two different coordination environ-
ments, which relax within a few picoseconds and show the

314

ability of ultrafast switching.*!4] The phase-change material

with SL structure with significant advantages of low power

(3151 high speed, and good cycling performance

consumption,
(Fig. 11(c) (3161 may be an optional material for optoelectronic
hybrid storage because the structure of SL can be kept well
due to the non-melting phase transformation from crystalline
to amorphous phase.>!% GeTe/ST superlattices have been in-

vestagated intensively till now.[3!"-3?41 Other SLL structure

P hase change material 2: layer n+1 (a)

Phase change material 1: layer

Thickness of
each layer is in
nano-meter
scale.

Phase change material 2: layer 4

Phase change material 1: layer 3
Phase change material 2: layer 2

Phase change material 1: layer 1

substrate

Fig. 11. (a) The diagrammatic sketch of SL structure. (b) Transmission electron microscopy photo of SL structure. Reproduced with permission. !

phase-change materials, such as BiyTe3/ST, [32°1 Ge/ST,[3%6]
GeTe/Sb; Tes,327] Si/SbgyTeqq, 328 GeTe/GST, 32
GST/Si0,,33%  GaszoSb70/SbgoTez,**!!  GeTe/InTe, 3!
SnxTeloo_x/ST, [333] Si/Sb, [334] Ge40T66()/CI‘, [335] and
GegSbg,/Gel*3¢! were also reported having much better
switching speed and thermal stability in comparison with GST.
Cr-doped ST film may be one of the best phase-change ma-
terials candidates for optoelectronic hybrid storage due to its
high crystallization temperature (235 °C), good data retention
(120.8 °C, ten-years), and lower power consumption.!'?3 In
addition, amorphization by a single femtosecond laser pulse
with 130 fs and crystallization by multiple femtosecond laser
pulse with time of about 5 ps can be realized for Cr-doped ST
films, which shows the potential of high-speed application in

optoelectronic hybrid storage.!'4
10°
(c) -+~ amorphous
104 -o- crystalline
S WW
~
= 103
Q
o
=}
2 107
n
Q
= 10t
109

10 10> 108 107 108 109
Number of overwriting cycles

312]

Copyright 2006, AIP Publishing LLC. (c) Cycle endurance of an SL cell. Stable and reversible switching of the cell is observed for 10° overwriting
cycles. Reproduced with permission. 31! Copyright 2010, AIP Publishing LLC.

7.4. Prototype device for optoelectronic hybrid storage

In order to realize phase-change optoelectronic hybrid
storage, it is necessary to integrate ultra-short pulse laser
with phase-change storage cell effectively, especially based on
silicon-based integrated technology, so as to reduce the man-
ufacturing cost and improve the practicability. In the past few
years, non-volatile photonic devices based on phase-change
material have been widely studied and their research pro-
gresses have also been reviewed comprehensively. 1041051 A
great deal of efforts has been devoted to exploring on-chip
storage photonic devices using phase-change materials. The
first generation of on-chip photonic devices saw the beginning
of phase-change photonic resonators, whose particular design
involves over-cladding GST media on a silicon (Si) racetrack

3371 These innovative

resonator, as illustrated in Fig. 12(a).!
ideas inspired the development of a true all-photonic non-
volatile memory comprising a thin GST film coated by an in-
dium tin oxide (ITO) film to protect the GST layer from oxida-
tion as shown in Fig. 12(b).338] Compared with its electronic
counterparts, the phase-change photonic memory has several
advantages, such as ultra-fast all-optical storage with an ultra-

339,340

low power consumption,! I g00d down-scalability, and

341,342 which enable its ap-

high density multi-level storage,!
plication in on-chip computation and phase-change photonic
neuro-networks. However, the write—erase times are between
0.7 ns and 20 ns and also the information reading relies on
the large difference between the refractive index of amorphous
and crystalline states, which means that the read process is still
optical readout. The complex link between the electronic and
optical properties in a novel proof-of-concept device was pro-
vided for the first time, leading the way for the development
of further applications based on mixed-mode electro-optical
operation.**3] Here, the optoelectronic device can be operated
in electro-optical mixed-mode by electrically induced crys-
tallization and reamorphizing the phase-change material op-
tically while the two different repeatable states are shown by
the resistance values. By combining plasmonics, photonics,
and electronics, a mixed-mode plasmonic phase-change mem-
ory cell integrated in a photonic waveguide as shown in Fig. 13
was proposed and can be electrically or optically switched be-

[295] Crucially, this device

tween binary or multilevel states.
can also be simultaneously read out both optically and elec-
trically, which makes it much closer to the prototype concept

device of phase-change optoelectronic hybrid storage.
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Si microring

Ring free of
GST

GST covered
ring

Fig. 12. (a) Optical microscope image showing the two microrings coupled to a waveguide. The first of them (top) contains the overladding layer of

GST. Reproduced with permission.337

1 Copyright 2013, AIP Publishing LLC. (b) 3D scheme of a hybrid nanophotonic phase-change material circuits

using partially etched ridge waveguides in Si. Reproduced with permission. 338! Copyright 2014, WILEY-VCH Verlag GmbH & Co.
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Fig. 13. (a) 3D illustration of mixed-mode plasmonic memory cell integrated in a photonic waveguide. Light is delivered to the nanoscale device via
a photonic waveguide, while the Au contacts serve as both device electrodes and plasmonic nanogap to focus incoming light. (b) Illustration of device
programmed using an optical signal with both electrical and optical readouts of the device state. (c) Real-time trace of the device’s optical transmission
during multiple write and erase cycles. (d) Simultaneous readout of the device’s electrical resistance showing nonvolatile switching of the GST between
the amorphous and crystalline states. Reproduced with permission.[>*] Copyright 2019, AAAS.

8. Conclusion and perspectives

Over the past two decades, PCRAM has evolved from a
prototype device to the most mature new nonvolatile memory
capable of increasing the computing efficiency of electronic
devices. The goal is to revolutionize von Neumann computing
architecture and to develop universal memory to cope with the
data explosion crisis. To achieve this goal, on the one hand, the
performance of PCRAM, such as speed, capacity, power con-
sumption, and cost, should be improved greatly. On the other
hand, optoelectronic hybrid storage based on phase-change
material may be an effective solution. However, some prob-
lems need to be solved: (i) new phase-change materials with
high phase-change speed, high data retention and high resistiv-

ity contrast; (ii) ultrafast phase-change mechanism under non-
equilibrium dynamics condition in picosecond/femtosecond
time scale; and (iii) prototype devices and products realization
of optoelectronic hybrid memory.

In the future, optoelectronic hybrid storage based on
phase-change material may be realized by using silicon-based
photonics technology because of the merits faster operation
speed, larger capacity, more stable properties, and lower en-
ergy consumption. Once the device technology has made a
breakthrough, the optoelectronic hybrid memory will com-
pletely replace DRAM, SRAM, and FLASH as a univer-
sal memory and will be applied in the field of merging

[344,345

computing (in-memory computing I'and neuro-inspired

computing 3463481y and communications technologies due to
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its high-speed, low-power consumption, high-capacity, and

non-volatile.
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