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Abstract Phase change random access memory (PCRAM) has been successfully applied in the computer

storage architecture, as storage class memory, to bridge the performance gap between DRAM and Flash-

based solid-state drive due to its good scalability, 3D-integration ability, fast operation speed and compatible

with CMOS technology. Focusing on phase change materials and PCRAM for decades, we have successfully

developed 128 Mb embedded PCRAM chips, which can meet the requirements of most embedded systems.

3D Xpoint (3D PCRAM), invented by Intel and Micron, has been regarded as a new breakthrough in the

last 25 years since the application of NAND in 1989, which represents state-of-the-art memory technology.

This technology has some remarkable features, such as the confined device structure with 20 nm size, the

metal crossbar electrodes to reduce the resistance variations in PCRAM arrays, and the ovonic threshold

switching selector that can provide a high drive current and a low leakage current. A good understanding

of phase change mechanism is of great help to design new phase change materials with fast operation speed,

low power consumption and long-lifetime. In this paper, we firstly review the development of PCRAM

and different understandings on phase change mechanisms in recent years, and then propose a new view

on the mechanism, which is based on the octahedral structure motifs and vacancies. Octahedral structure

motifs are generally found in both amorphous and crystalline phase change materials. They are considered

to be the basic units during phase transition, which are severely defective in the amorphous phase. These

configurations turn into more ordered ones after minor local rearrangements, the growth of which results in

the crystallization of rocksalt (RS) phase with a large amount of vacancies in the cation sites. Further driven

by thermodynamic driving force, these vacancies move and layer along certain directions; consequently, the

metastable RS structure transforms into the stable hexagonal (HEX) structure. Based on our results, we find

that reversible phase transition between amorphous phase and RS phase, without further changing into HEX

phase, would greatly decrease the required power consumption. Robust octahedra and plenty of vacancies

in both amorphous and RS phase, respectively avoiding large atomic rearrangement and providing necessary

space, are crucial to achieve the nanosecond or even sub-nanosecond operation of PCRAM.
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1 Research background

Integrated circuit chip is the foundation of the information system, playing a key role in the national

profit and safety. One third of these chips are applied to store information temporarily or permanently,

so called storage chip. The requirement of storage chip grew rapidly in 2017, the sales of which reach

about one hundred billion dollars, accounting for 23.6% of the integrated circuit market. The research

and development of mass storage technology with good performances would further promote the rapid

development of the information industry, and also produce enormous economic benefits.

To date, the storage architecture of the information system generally adopts the mixed mode of

DRAM+Flash-based solid-state disk (SSD), or DRAM+Flash+HDD [1, 2]. The introduction of SSD

dramatically increases the computing efficiency and decreases the power consumption of the data center,

as well as consumer electronic products, hence, SSD would ultimately take place of HDD in the near

future. At present, DRAM and Flash, the mainstream memories, account for 95% of the memory mar-

ket. However, as the technology node approaching its physical limit, DRAM memory becomes easier

to be affected by external charge owing the reduced number of electrons in the capacitor; Flash faces

serious crosstalk problems during operation, shortening the life-time; SRAM also has some problems in

terms of signal-to-noise ratio and soft faults as the decrease of feature size. These problems become more

serious as the feature sizes below 28 nm. What is more, former storage technologies, such as DRAM

and Flash memory, are incompatible with the new applied CMOS technologies, which utilizes high di-

electric (high-k), metal gate (MG) and wing structure. Therefore, research and development efforts are

underway worldwide on the new emerging nonvolatile storage technology, which needs to be compatible

with the new CMOS technology, good scalability, 3D integration ability, fast operation speed, low power

consumption and long-lifetime.

In recent years, many emerging nonvolatile memory technologies have been widely explored, such as

phase change random access memory (PCRAM) [3], magnetic random access memory (MRAM) [4] and

resistive random access memory (RRAM) [5–8]. MRAM faces a big challenge on the high density capacity

owing to its complicated device structure, poor scalability and difficult 3D integration [9]. For RRAM,

there is an absence of a consensus on the resistance change mechanism, mainly because of an ineffectively

control on oxygen vacancies. What is more, resistance distribution of the prototype chip is dispersed,

and both the yield and reliability need to be improved [10]. Table 1 shows the comparison of various

semiconductor memories, from which it can be concluded that PCRAM has great advantages in high

density, scalability, 3D integration and compatibility with the new CMOS process [11]. Therefore, the

international semiconductor industry association believes that PCRAM is the most promising candidate

for the next generation of non-volatile storage technology. Recently, this technology has been successfully

used in commercial PCRAM-based 3D Xpoint by Intel [12, 13]. Intel predicted that the requirement of

3D Xpoint for the data center would reach a $8 billion sale in 2020.

Differ from the DRAM and Flash which use electrons to store the information, PCRAM technology is

based on reversible phase change between amorphous and crystalline chalcogenide, accompanying with

2–4 orders of magnitude resistance contrast [14, 15]. The principle is shown in Figure 1. Applied a wide

electrical pulse with low amplitude to a PCRAM cell, the chalcogenide layer (phase change material)

is heated to above the crystallization temperature but below the melting temperature. As a result, the

structure of phase change materials arranges from the disorder to order, achieving low resistance state.

This process is called as set operation [16, 17]. In contrast, using a narrow electrical pulse with high

magnitude, the phase change material is melted and then quenched rapidly (the cooling rate is 1011 K/s).

Consequently, the material changes back to the disordered high resistance state, as called reset operation.

Data reading is realized by judging the high or low resistance value after applying a weak electrical pulse

to the device.

A market-competitive storage technology must be a high-capacity storage technology capable of 3D

integration, which requires the memory cell can be made smaller, and it can achieve the highest density-

4F2 (F: feature size). The 3D integration mainly depends on selector with simple device structure and

manufacturing process. Moreover, the selector is required to provide high required driving currents



Song Z T, et al. Sci China Inf Sci August 2018 Vol. 61 081302:3

Table 1 The technical performance comparison of various semiconductor memories [11]

Memory DRAM NOR NAND FeRAM MRAM RRAM PCRAM

Feature size (nm) 50 65 19 180 130 180 20

Cell size 6F2 6F2 5F2 22F2 45F2 4F2 4F2

Memory density 8 Gb 2 Gb 128 Gb 128 Mb 64 Mb 64 Mb 8 Gb

Read time (ns) <10 10 50 45 50 25 60

Erasing time <10 ns 1 us/10 ms 1/0.1 ms 10 ns 50 ns 8.2 ns 100/150 ns

Operation cycles >1E16 >1E5 >1E5 >1E16 >1E14 1E6 1E12

Data retention 64 ms >10 yr >10 yr >10 yr >10 yr 10 yr >10 yr

Multi-level storage Yes Yes Yes No Yes Yes Yes
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Figure 1 (Color online) Diagram of the operating principle of PCRAM [15] @Copyright 2007 Springer Nature.

for the read, write and erase operations of 4F2 memory arrays, whereas low leakage current is created

after operation. A large resistance ratio and a narrow Gaussian distribution of the device array also

would be of great help the mass production process, which means that the difference of total resistances

(selector+memory+metal electrode) among different arrays need to be as small as possible.

The successful commercialization of 3D Xpoint originates from the integration of ovonic memory switch-

ing (OMS), ovonic threshold switching (OTS) selector, confined structures, and large metal word and bit

lines1). The memory unit of 3D Xpoint is the phase change memory (1R), based on the phase transi-

tion. Therefore, it can achieve the ultimate density of 4F2 without the limitation of physic size. As the

driving circuit, the OTS selector (1S) also utilizes the chalcogenide alloy, which is perfectly compatible

with the 1R. In addition, based on the threshold switching phenomenon of the chalcogenide alloy, the

OTS selector can provide a large current pulse for the 1R with suitable on/off ratio and low leakage

current in nanoseconds or sub-nanoseconds [18]. The use of a confined device structure, composed of

1S and 1R, makes all the phase change material in 1R participate in reversible phase transition, thus

reducing the difference in resistance caused by different active phase transition areas. The crossbar-type

metallic word/bit line further reduces the resistance differences between device arrays. Moreover, un-

like the traditional mushroom-type device structure, the electric field in 1S1R structure is uniformly

distributed, thus, avoiding component segregation and greatly prolonging the lifetime of the device

(>1012) [19, 20]. As the PCRAM dimension further scales (50 nm×50 nm → 7.5 nm×65 nm → 7.5

nm×17 nm), as shown in Figure 2, the power consumption of the device will be further reduced [21–25].

More importantly, benefiting from the quite simple structure of OMS and OTS, both of which use

metal/chalcogenide/metal structure, it is easy to achieve 3D integration, which in turn realizes the mass

storage of 3D Xpoint.

According to the successful case of 3D Xpoint, PCRAM must follow Moore’s law in the direction

of smaller size and lower bit cost in order to meet the requirements of information storage. Scalable

confined structures and crossbar-type metal electrodes are the major trends in the future PCRAM

development.

1) https://www.intel.com/content/www/us/en/architecture-and-technology/intel-micron-3d-xpoint-webcast.html?

wapkw=3d+xpoint.

https://www.intel.com/content/www/us/en/architecture-and-technology/intel-micron-3d-xpoint-webcast.html?wapkw=3d+xpoint
https://www.intel.com/content/www/us/en/architecture-and-technology/intel-micron-3d-xpoint-webcast.html?wapkw=3d+xpoint
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Figure 2 (Color online) Diagram of the operating principle of PCRAM [15] @Copyright 2005 IEEE.

Table 2 The technical performance comparison of various semiconductor memories [11]

Time Events

September 1966 Stanford Ovshinsky applies first patent on phase-change technology

September 1970 Gordon Moore publishes an research paper on the technology

February 2000 Intel invests in Ovonyx, to develop PCRAM

August 2004 Samsung announces successful fabrication of 64 Mbit PCRAM

September 2005 Samsung announces successful 256 Mbit PRAM array

September 2006 Samsung announces a prototype 512 PCRAM device

October 2006 Intel and STMicroelectronics demonstrate a 128 Mbit PCRAM chip

December 2006 IBM Research Labs shows a prototype 3 by 20 nanometer

February 2008 Intel and STMicroelectronics revel the first multilevel PCRAM chip

September 2009 Samsung announces mass production start of 512 Mbit PCRAM device

April 2010 Numonyx releases Omneo PCRAM Series (P8P and P5Q), both in 90 nm

April 2010 Samsung releases 512 Mbit PCRAM with 65 nm process, in multi-chip-package

February 2011 Samsung presents 58 nm 1.8 V 1 Gb PCRAM

July 2011 Intel announces multi-phase PCRAM with 90 nm process

September 2011 SIMIT together with SMIC announce successful 8 Mbit PCRAM chip

February 2012 Samsung presents 20 nm 1.8 V 8 Gb PCRAM

July 2012 Micron announces volume production of PCRAM for mobile devices

May 2016 SIMIT announces 130 nm PCRAM chip as a control part in the printer

July 2016 Intel presents 3D Xpoint chip with the memory capacity of 128 Gbit

November 2017 Intel and Micron expands manufacturing for 3D Xpoint (PCRAM)

December 2017 SIMIT presents 128 Mbit embedded chip

2 History of phase-change materials

In 1966, chalcogenide compounds used in memory storage were first proposed by Ovshinsky [26,27].

However, it was not until the 21st century that these compounds were extensively studied and applied in

PCRAM. Table 2 shows the development of PCRAM, especially in the last ten years. In 2009, Numonyx

announced 1 Gb 45 nm PCRAM chips2). In 2011, Shanghai Institute of Microsystem and Information

Technology (SIMIT), together with Semiconductor Manufacturing International Corporation (SMIC),

successfully developed 8 Mbit PCRAM chips. In 2012, Samsung presented 8 Gbit PCRAM chips in

the ISSCC conference, based on 20 nm technology node [28]. It was characterized by 40 Mbps data

transmission ability with an LPDDR2 interface, the performances of which were close to those of DRAM.

In July 2012, Micron successfully produced 1 Gbit PCRAM chip using 45 nm CMOS technology, which

had been used in mobile devices3). In 2015, Intel and Micron jointly announced that they produced

2) http://investors.micron.com/releasedetail.cfm?ReleaseID=467227.
3) http://investors.micron.com/releasedetail.cfm?ReleaseID=692563.
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Figure 3 (Color online) The threshold switching phenomenon of chalcogenide device.

3D Xpoint chips with a storage capacity of 128 Gbit. They claimed that it was a new breakthrough in

memory technology since the invention of NAND Flash in 1989 because the speed (or lifetime) of the

3D Xpoint chip was 1000 times faster (or longer) than that of NAND Flash. They further indicated

that PCRAM had great potential in application of high-speed memory and embedded memory. Intel

predicted that the required sales of 3D Xpoint in the data center would reach 8 billion dollars in 2020,

account for 23.5% of the whole market. In 2016, SIMIT and SMIC received an order of fifteen million

embedded PCRAM chips, which have been used in the printer. In 2017, the unit yield of the testing

PCRAM chip fabricated by 40 nm CMOS technology was more than 99.999%. 4 Mbit and 64 Mbit chips

were tested on an advanced information system, and 128 Mbit chips were also produced. In November

2017, Intel and Micron announced the completion of an expansion to building 60 at the IM Flash facilities

in Lehi, Utah, which will produce 3D Xpoint memory4). The above facts illustrate that PCRAM will

occupy mainstream memory market and result in a revolution in storage class memory of the computer

framework. It is expected to replace parts of DRAM and Flash memory. Also, owing to the easy

integration of PCRAM with CPU, forming the SoC chip, PCRAM has great potential applications in the

fast speed, mass memory and embedded storage.

3 Discovery of phase-change materials

In the 1960s, Ovshinsky [26], for the first time, filed in the patent (No. US3271591) that amorphous

Ge10Si12As30Te48 chalcogenide showed reversible transition between amorphous and crystalline phases

with large resistance contrast, and also the threshold switching phenomenon, as shown in Figure 3. In

1968, he proposed a microscopic mechanism of the threshold switching phenomenon in his published

paper [27].

However, this phenomenon had not attracted many attentions in the next 20 years due to microseconds

operation speed, which was much slower than other storage technologies. Until 1991, Yamada et al. [29]

found that GeTe-Sb2Te3 pseudobinary alloy could be reversibly operated by nanoseconds laser pulses

with large optical contrast. This breakthrough finally enabled the successful applications of phase change

materials in rewritable CD, DVD and BD [29,30].

4 Phase-change mechanism

Phase-change materials, especially Ge-Sb-Te alloys, have been widely applied in optical storage, as well

as PCMs [31,32]. However, it still remains unclear that why the reversible transition between disordered

structure and ordered structure can be accomplished in nanoseconds, or even in picoseconds in phase

change materials. In amorphous phase change materials, the atoms are disorderly arranged, which are

4) https://newsroom.intel.com/news/intel-micron-expand-3d-xpoint-manufacturing-capacity-im-flash-fab-expansion/.
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Figure 4 Umbrella flip model proposed by Kolobov et al. [33, 34]. Local structure arrangement of Ge atom in

(a) crystalline GST and (c) amorphous GST; (b) shows the structure evolution of Ge atom from octahedral site (crys-

talline phase) to tetrahedral site (amorphous phase) @Copyright 2006 Elsevier.

not suitable to be studied through the classic theory of crystallography or the traditional structural

research methods, therefore, the understanding of the amorphous phase and its structural evolution in

phase transition remains unclear. However, it has been generally accepted that there is a high struc-

tural similarity between the amorphous phase and the crystalline phase. To explain the phase-change

mechanism, several theories have been proposed, including the well-known umbrella-flip model proposed

by Kolobov et al. [33, 34], crystalline-crystalline phase transition proposed by Tominaga [35, 36], and

resonance bonding proposed by Wuttig [37, 38].

In 2004, Kolobov et al. [33] reported their findings of phase change mechanism in GST on Nature Mate-

rials, analyzed through the method of extended X-ray absorption fine structure (EXAFS). It is proposed

that, due to the different covalent radii of Ge, Sb and Te, there are two types of bond lengths for Ge-Te

bonds (2.83 ± 0.01 Å and 3.2 ± 0.3 Å) and Sb-Te bonds (2.91 ± 0.01 Å and 3.2 ± 0.3 Å) in the distorted

rocksalt lattice of crystalline GST. Ge atoms locate in the center of octahedron formed by six Te atoms.

No Ge-Sb bond is detected. In contrast, there is only one type of bond length for Ge-Te (2.61 ± 0.01 Å)

and Sb-Te (2.85 ± 0.01 Å) in amorphous GST, indicating a tetrahedral site of Ge surrounded by four

Te atoms. After the rupture of the long Ge-Te bonds during amorphization, the short Ge-Te bonds act

as slingshots that shoot Ge atoms from octahedral sites to tetrahedral sites along the direction of 〈1 1

1〉, as shown in Figure 4 [34]. On the contrast, to realize reverse transition in recrystallization, one short

Ge-Te bond out of four in the tetrahedral structure is ruptured, followed by the formation of three long

bonds, after which Ge atoms finish its flipping from tetrahedral sites back to octahedral sites. Thus,

in this model, the simple moves in umbrella flip is considered to be attributed to the fast speed of the

reversible phase transition in GST.

The finding of umbrella flip behavior of Ge atoms, for the first time, provides an atomic insight in phase

transition. In 2007, through an initial molecular dynamics simulation on melt-quench GST, Caravati et

al. [39] reported that most of Ge atoms are in distorted octahedral structures in the amorphous phase

with angles 90◦. Only 30% of Ge atoms are in tetrahedral structure. Through simulation of Ge K edge

X-ray absorption near-edge structure (XANES), Krbal argued that there were not only tetrahedral and

octahedral structured Ge atoms but also pyramids ones [40], which has been experimentally verified by

XANES results of Ge L3 edge in 2013 [41].

In the umbrella flip model, entropy loss takes 99% of total energy that applied to operate the PCM

device [42]. By limiting the movements of Ge atoms to a single direction, entropy loss during phase

transition is reduced. High speed and low-power-consumption have been achieved in iPCM, reported by

Tominaga et al. [35] in 2011, as shown in Figure 5(a). During operation of iPCM, the transition between

tetrahedral and octahedral structures can be accomplished by the restrained movements of Ge atoms

along the c axis in the interface of GeTe/Sb2Te3. Movements of Sb and Te atoms in Sb2Te3 layer are
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Figure 5 (Color online) Structure and performance of interfacial phase change memory (iPCM) proposed by Tominaga

et al [35,36]. (a) TEM image of iPCM cell in the Reset state (highly resistive); (b)–(e) TEM images of active phase change

material in the upper left, lower left, upper right, and lower right regions; (f) performances of iPCM cell operated for the

first time and after 106 cycles @Copyright 2011 Springer Nature.

localized in its own layer only. Due to those restrained atoms movements, entropy loss in iPCM reduces

to 1% of that in conventional PCM device, resulting in the reduced power consumption for set and reset

to 12% and 36%, respectively, as shown in Figure 5(f). As the nucleation is accelerated by the interface

of Sb2Te3 layer, 50-ns high speed operation has been achieved [35]. Melting is not required during the

one-dimension flip of Ge atoms, that indicates a crystalline-crystalline transition of phase change material

in the iPCM [43].

However, the dramatic difference of optical reflectivity between amorphous and crystalline phase change

materials could not be explained by the theories of umbrella flip or crystalline-crystalline transition. In

2008, Wuttig et al. [37] noticed the high similarity between the infrared reflectance curves of amorphous

and crystalline AgInTe2, a non-phase-change material, as well as the significant differences between the

infrared reflectance spectra of amorphous and crystalline phase change material, Ge2Sb1Te4, including

spacing of reflectance minima, reflectance maxima, and interference fringes. Dielectric constant, a key

factor to determine infrared reflectivity, increases by 70%–200% after crystallization, indicating a signif-

icant difference between the electronic polarity in amorphous and crystalline phase change material. It

is believed that the difference is attributed to the change in bonding between those two phases. The

covalent bonding dominates in the amorphous phase, with each bond consist of two electrons. Electrons

are highly localized in amorphous phase change materials, resulting in a low reflectivity [37]. However,

it changes into resonant bonding after crystallization [37]. Three valence p-electrons of a given atom are

shared by the six bonds with neighboring atoms to form unsaturated covalent bonding, also known as

resonant bonding [37], as shown in Figure 6. As electrons are delocalized in resonant bonding, reflectivity

became higher in crystalline phase change materials. The lack of difference between the reflectivity of

non-phase change materials in the amorphous and the crystalline phase, originating from their covalent

bonding, makes them not competent for optical storage application.

Recently, they argue that the bonding mechanism in crystalline phase change materials is substantially

different from the resonant bonding mechanism in the benzene and graphene [44]. The bonding mechanism

should be considered as a unique one, located between metallic and covalent bonding, thus called as

metavalent bonding [44].

5 Further exploration of new phase change materials and mechanism

As the store media, phase change materials play a crucial role on the device performance of PCM. From

above discussion, we get to know that the rearrangements of cation M in M-Sb-Te phase change materials
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Figure 7 (Color online) Ti0.43Sb2Te3-based PCRAM and device performances [47]. (a) Ti, Sb and Te element distribu-

tions of active phase change area after cycling operation; (b) operation speed of GST and TST-based PCRAM @Copyright

2014 Springer Nature.

play a key role in the crystallization process. To accelerate the operation speed, it may be beneficial to

pin the local bonding environment of cation M in an octahedral configuration to reduce configuration

change. Namely, M-centered octahedra would commonly exist in both amorphous and crystalline phases.

5.1 High-speed, low power and long-life Ti-Sb-Te phase change material

To introduce this kind of octahedra, 8% Ti atoms were incorporated into ST since Ti atoms have slightly

small atomic radius than Sb and Te atoms (Ti 0.140 nm, Sb 0.145 nm, and Te 0.140 nm) [45, 46].

After substituting Sb atoms, Ti atoms bond with six Te atoms, forming metal-centered atomic motifs

(TACMs) [47]. As shown in Figure 7, compared to GST-based PCRAM devices, the Ti0.43Sb2Te3 (TST)-

based ones exhibit about ten times faster operation speed (∼6 ns set speed, ∼500 ps reset speed), 80%

lower power consumption, 10% resistance drift coefficient and exceeding 107 cycling endurance [48].

Our Cs-corrected TEM results, as shown in Figure 8, have demonstrated that the Ti atoms in the TST

replace parts of Sb atoms in quintuple layers (-Te1-Sb-Te2-Sb-Te1-), and form the TACMs as expected [49].

Due to stronger Ti-Te2 bonds after substitution, the Te2-Sb bonds in the adjacent layer are dramatically

elongated and weakened, as indicated in Figure 8(d). From the amorphous TST structure after melt-

quench using molecular dynamic simulation, as shown in Figure 9, we find that the Ti atoms are still in

the octahedral sites, just a little distorted. This means that less structural changes are required to form

the nucleation centers for the subsequent growth of the crystalline phase, which in turn facilitates faster

and lower-energy phase transition [49, 50].

Further experiments found that the doped Ti atoms not only substitute parts of Sb atoms, but also

form TiTe2 nanograins in the grain boundary [48,49]. As discussed before, the former ones highly distort

the ST lattice, while the latter ones effectively aggregate the heat in the small grains, both reducing

the reset power consumption. Soft X-ray absorption spectroscopy results have demonstrated that the

Ti atoms in amorphous TST maintain the octahedral configuration, quite similar to those in crystalline

phase [49]. These experimental results prove that TACMs, severed as nucleation centers, accelerate the

crystallization speed, which in turns increase the device operation speed. Further experiments found that
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Figure 8 (Color online) Structural and chemical identifications of crystalline TST along 〈100〉 direction [49]. (a)–(c) The

HAADF image, the respective EDS mapping for Ti/Te, and Sb/Te; (d) STEM-HAADF image zooming into the field marked

in (a). Scale bar represents 1 nm. @Copyright 2015 Springer Nature.
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Figure 9 (Color online) Comparison of Ti-centred atomic motifs in amorphous and crystalline TST [47]. (a) The amor-

phous structure of TST; (b) the coordination number distribution of Ge/Te atoms in the amorphous GST/TST; (c) Th

bond angle distributions of Ge/Ti atoms in amorphous GST/TST; (d) structural evolutions of Ti-centred atomic motifs

upon crystallization @Copyright 2014 Springer Nature.

the doped Ti atoms not only substitute parts of Sb atoms, but also form TiTe2 nanograins in the grain

boundary [48,49]. As discussed before, the former ones highly distort the ST lattice, while the latter ones

effectively aggregate the heat in the small grains, both reducing the reset power consumption. Soft X-ray

absorption spectroscopy results have demonstrated that the Ti atoms in amorphous TST maintain the

octahedral configuration, quite similar to those in crystalline phase [49]. These experimental results prove

that TACMs, served as nucleation centers, accelerate the crystallization speed, which in turn increase the
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Figure 10 (Color online) Phase transition of Sb2Te3 from RS to HEX [53]. (a) and (b) are the atomic structure of RS

and HEX phases, respectively; (c) and (d) are the STEM-HAADF images of RS and HEX phases, respectively; (e) and

(f) are the corresponding HAADF intensities of regions of interest in (c) and (d) @Copyright 2016 Springer Nature.

device operation speed.

5.2 Ultrafast, low power consumption, long-life Sc-Sb-Te phase change materials

Although TST-based PCRAM exhibit good device performance, however, the Set operation speed cannot

be further accelerated owing the direct phase transition from amorphous phase to hexagonal phase of

TST [51]. Differ from TST-based PCRAM, GST-based ones are reported to reversibly switch between

amorphous and metastable RS phase rather than hexagonal phase [52]. It is worth to note that ST also has

the amorphous-RS-HEX phase transition process, as shown in Figure 10 [53]. As deposited Sb2Te3 (ST)

firstly crystallizes into metastable phase, rock-salt structure (RS), and then changes to stable hexagonal

phase after annealing [53]. Although the amorphous phase cannot be obtained in the experiment, Caravati

et al. [54] got the amorphous structure of ST by ab initio molecular-dynamics simulation. They find that

both Sb and Te atoms are located in defective octahedral sites, in which Sb and Te are mostly fourfold and

threefold coordinated, respectively. Besides, a large amount of nanocavities are also discovered, ∼28%

of the total volume. After crystallizing into RS phase, these cavities randomly occupy 33% of Sb lattice

sites. Noticeably, in both RS and HEX phases, Sb atoms are located in defected octahedral positions, as

well as Te atoms.

Through investigating structures of all transition metal telluride, we find that Sc2Te3 possesses the

RS structure, just 4.12% lattice mismatch with that of ST [55]. This means that we can design ST-

Sc2Te3 based PCRAM, called Sc-Sb-Te, to achieve the amorphous-RS phase transition in device. Indeed,

Sc0.2Sb2Te3 (SST) exhibits metastable RS structure discovered by TEM, as shown in Figure 11. The

phase transition takes place at ∼170◦C, further changing to HEX phase at ∼270◦C. The crystallization

process is quite similar to that of GST and ST.
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Figure 11 (Color online) Rocksalt SST. Temperature dependence of the sheet resistance of (a) GST and (b) SST films.

Selected area electron diffraction pattern and TEM images of rocksalt (c)–(d) Sb2Te3 and (e)–(f) SST films [55] @Copyright

2017 American Association for the Advancement of Science.
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Figure 12 (Color online) Set speed and endurance of SST-based PCRAM device [55]. (a) Comparison of SST and GST-

based device. SST-based one can achieve the set operation during 700 ps; (b) endurance of SST-based device. The SST

device can be repeatedly operated exceeding ∼105 times @Copyright 2017 American Association for the Advancement of

Science.

Due to the amorphous-RS transition in GST-based PCRAM, just 2.2 V is required to achieve the set

operation, whereas the operation speed is a little slow, ∼100 ns, as shown in Figure 12. Noticeably,

for SST-based PCRAM, ∼700 ns width pulse can complete the crystallization process, whereas ∼10 ns

is required for GST-based ones. Besides, the device can be repeatedly operated exceeding 105 times

applying just 800 ps electrical pulses. Thus, the crystallization speed of SST is one order of magnitude

faster than that of GST.

The sub-ns set speed of SST based PCRAM originates from the fast crystallization speed of SST phase

change materials. The distorted TACMs and four-fold ABAB rings (A=Sc/Sb, B=Te) commonly exist in

the amorphous phase, and stay intact at elevated temperature ∼600 K. Once such rings get close to form

cube, served as the crystalline precursor, the later does not break easily. In contrast, Ge(Sb)-Te-Ge(Sb)-

Te rings of GST break and reform frequently and rapidly, and the embedded crystalline seed disappears

rapidly at ∼600 K. Therefore, the introduction of Sc into the ST can stabilize the crystal precursor in the

amorphous phase, reduce the stochasticity of nucleation, thus result in the sub-ns crystallization speed.

5.3 The role of octahedral unit and vacancy in the fast phase transition

As discussed above, the Ti/Sc atoms in the TST/SST phase change materials are located in the distorted

octahedra, which can remain in the high temperature environment. Irradiated by laser pulse or heating
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(a) (b) (c)

Figure 13 (Color online) The amorphous-RS-HEX crystallization process of Ge2Sb2Te5. (a)–(c) are the atomic structures

of amorphous, RS and HEX GST. The light blue, dark green, and brown spheres represent Ge, Sb and Te atoms, respectively.

by electrical pulse, the rearrangement of these distorted octahedra into more ordered ones can reduce the

stochasticity of nucleation. This is the major cause of the accelerated operation speed from dozens of ns

for GST-based PCRAM to sub-ns for SST-based one.

The octahedral unit also plays an import role in the nanosecond phase transition of traditional phase

change materials, like GST [56–58] and (Ag, In, N) doped-Sb2Te [17, 59, 60]. GST can be described as

superlattices of GeTe and ST, (GeTe)2(Sb2Te3), with Ge, Sb and Te in the octahedra coordinations [61].

Similar to ST, to complete the crystallization process, the amorphous GST also would crystallize into

the metastable RS phase at ∼150◦C, and then phase change to the HEX phase at ∼320◦C [62]. Krabl et

al. [40] suggested that Ge atoms in amorphous GST phase obtained by laser and electrical pulses were

in pyramids local structures, rather than tetrahedral ones. These local structures could be gotten after

the rupture of long bonds of Ge octahedra. Thus, the local structure of Ge in amorphous state can be

described as defective octahedra, forming by only p-bonded covalent bonds [31], similar to those of Ge

atoms in the orthorhombic GeSe [63,64]. Ge, Sb and Te atoms in the both RS and HEX structures have

the distorted octahedra local structures with 3 long bonds and 3 short bonds. But the bonds change

to p-bonded resonant bonds [44]. Thus, the crystallization of amorphous GST to RS phase also can be

described as the adjustment of local structure from the defective (severely distorted) local structures to

the distorted ones. 20% vacancies in the Ge/Sb sites of the RS structure are moved together [65], forming

the van der Waals gaps, to complete the RS-HEX transition process, as shown in Figure 13.

Ag3.5In3.8Sb75.0Te17.7 (AIST) phase change material, used in re-writable CD, also has defected octa-

hedron in both amorphous and crystalline phases [60]. The crystallization process is achieved by aligning

Sb-centred octahedrons accompanied by interchanges of short and long bonds, contributed to the rapid

and growth-dominated crystallization behavior.

Based on above discussions, we can draw a conclusion that the fast operation speed of PCRAM

is closely related to octahedral structure motifs and vacancies in phase change materials. The atoms in

both amorphous and crystalline phase change materials are sited in octahedral positions. These octahedra

structure motifs are considered to be the basic units during phase transition, which are severely defective in

the amorphous phase. These configurations turn into more ordered ones after minor local rearrangements,

forming nucleation centers for the subsequent growth of RS phase. Both amorphous and RS phase has

a large amount of vacancies, providing the necessary space for the fast phase transition. Driven by

further thermodynamic driving force, these vacancies are moved and layered along certain directions.

Consequently, the metastable RS structure transforms into the stable hexagonal structure. Noticeably,

avoiding the direct phase transition from amorphous to hexagonal phase would greatly decrease the

required power consumption of PCRAM. Robust octahedra in both amorphous and RS phase, reducing

atomic rearrangement for the formation of nuclei, are crucial to achieve the nanosecond or even sub-

nanosecond operation of PCRAM.
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6 Conclusion

PCRAM has been successfully applied in the computer framework, as storage class memory, to bridge

the performance gap between DRAM and Flash-based solid state drive due to its good scalability, 3D-

integration ability, fast operation speed and compatible with CMOS technology. Our research group

has successfully developed 128 Mb embedded chips, which can meet the requirements of most embedded

systems. The chalcogenide applied in both OTS and OMS is the key media to achieve the PCRAM

chips with high capacity and 3D integration ability. In this work, we firstly review the discovery and

development of PCRAM, and also phase change mechanisms proposed by different scientists. Based on

our results, we propose a new view on the mechanism. We find that there is a close relationship between

octahedral structure motifs with the fast switching speed of PCRAM, which would be of great help to

design new phase change materials. The design, development and final application of Ti-Sb-Te/Sc-Sb-Te

phase change material paves the way for the development of DRAM/Cache type PCRAM to boost the

computing efficiency of computers.
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