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Chalcogenide phase-change materials are capable of switching rapidly between a disordered amorphous phase
and an ordered crystalline phase, associating with the pronounced differences in electrical and optical properties.
The resistance contrast is widely used for data storage in phase-change memories (PCMs). As the most promising
emerging non-volatile memory, PCMs have been intensively explored for embedded data storage applications.

The key challenge of embedded PCMs (ePCMs) is to realize reliable electrical switching performance in an
environment with high thermal budget, in which the thermal stability of chalcogenide phase-change materials is
crucial to retain the encoded information. We present a review of the material engineering of chalcogenide phase-
change materials by doping to address the high thermal stability challenge. The mechanism of performance
optimization and industrial applications of the chalcogenide materials are also included, which are important for
the development of ePCMs with high thermal stability and excellent performance.

1. Introduction

The rapid development in information technology has triggered and
enabled the fourth industrial revolution with technologies explored in
smart car, artificial intelligence, cloud storage, and internet of things.
Throughout these applications, an unprecedented amount of data is
created, which needs to be collected, processed and stored quickly and
reliably. Along with this trend, memory technology has been continuing
to innovate to meet the growing demands of data storage, such as high-
density three-dimensional NAND flash memories [1] and high band-
width dynamic random-access memories (DRAMs) [2]. However, due to
the large performance gap between the existing semiconductor mem-
ories, a "storage wall" caused by the difference in data latency and ca-
pacity between DRAM and NAND is recognized, which hinders the
further improvement of performance and efficiency of computing [3]. To
address the performance gap between DRAM and NAND, storage class
memories (SCMs) are proposed with a variable and customizable com-
bination of cost and access latency [4], as shown in Fig. 1. SCMs are
supposed to be non-volatile, with shorter latency than NAND and lower
cost and higher capacity than DRAM.
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Several non-volatile emerging memories have been considered as the
candidates for SCMs, such as resistive random-access memory (RRAM),
phase-change memory (PCM), and magnetoresistive random-access
memory (MRAM). Fig. 2 shows the performances comparison among
the existing memory technologies [5], in which PCM has been intensively
explored by both academia and industry with a great potential to be used
as ePCM and SCM. As the process node goes down to sub-20 nm in
emerging memories, PCM has received increasing attention with the
advantages of low power and high speed due to the reduced active
switching region [6]. In 2015, 3D X-point memory is developed based on
chalcogenide materials, which is considered as a revolutionary break-
through in non-volatile memory technology [7]. Intel applied this tech-
nology on the Optane product of solid-state storage drives for stand-alone
applications [8]. Besides the stand-alone market, the embedded data
storage applications are another major driven for PCM technology due to
the physical limits in the highly scaled traditional Flash memory [9]. The
embedded application for memory products including micro-controller
units (MCUs), automotive, smart cards, and IoT requires high operation
temperature [10]. Samsung proposed a 512 Mb diode selected PCM with
significantly enhanced cell density [11]. Later in 2010, Samsung
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Fig. 1. The position of SCM in the memory hierarchy [4].

NOR
FLASH

&3 () (o) (BB (

) (o)

E3EN SRS

FLASH
Comon ) S
o I

Retention Volatile Volatile
Write Energy

104105 108

> 10V

~100pJ

=3
o
(=]
=
[

Fig. 2. Performances comparison among tradition semiconductor and emerging non-volatile memories [5].
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Fig. 3. The cell structure of PCM used in the ePCM. (a) Mushroom type. (b) Ring-electrode structure. (c) Self-aligned wall structure. (d) p-trench structure. Dielectric
areas shown in dark-blue and red areas are the active regions in PCL. Heater is shown in orange, and the grey blocks are top/bottom electrodes.

announced the PCM products for smartphones [12]. In 2018, STMi-
croelectronics (STM) proposed a 28 nm FDSOI embedded non-volatile
memory (eNVM) solution for automotive MCU applications using PCM
based on chalcogenide ternary material [55].

Among all resistive memories proposed to replace embedded Flash
memory, ePCM is the only one that has been proved to meet the most
stringent requirements of the automotive industry [13]. The 10-year data
retention temperature (T;() of ePCM is up to 150 °C. ePCM also survives

after reflow soldering (curve peak temperature 260 °C) with fast pro-
gramming, bit alterability, low programming current, as well as sufficient
reliability [14]. The switching performance of ePCMs is highly depen-
dent on the device structure. Since the resistance of PCMs is modulated
by Joule heat, it is an effective way to increase the heating efficiency by
using a passive heater to confine the programming current. The most
used heater material is TiN or W and the active region in phase-change
material layer (PCL) is expected to form at the interface between the
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Fig. 4. Reversible phase change mechanism of phase-change materials: (a) Reversible switching between high resistance amorphous phase and low resistance
crystalline phase, with the TEM images and SAED inset. (b) The schematic diagram of the Set and Reset pulses.

heater and chalcogenide [15]. Fig. 3 shows four types of device structures
used in ePCMs in order to reduce the programming current. The typical
mushroom type PCM cell shown in Fig. 3(a) prefers the reduced diameter
of the heater for a lower programming current, which, however, induces
larger variation in cell resistance [16]. Fig. 3(b) shows the ring-shape
electrode structure used to control the heater resistance [17]. To
further decrease the programming current, an L-type heater is proposed,
which is also known as self-aligned wall structure, as shown in Fig. 3(c)
[18]. STM presented a p-trench structure, as shown in Fig. 3(d), which
effectively reduces the programming current with the cost of increased
process steps [19]. The self-aligned wall structure is always presented in
the ePCM devices by STM [20].

The chalcogenide phase-change material plays a key role in ePCM.
The most popular chalcogenide is GeaSbyTes (GST) alloy, which has been
used in stand-alone PCM products. However, the low crystallization
temperature (T.) limits its switching performance at high temperature.
For eNVM applications, the T, of phase-change material needs to be at
least 50 °C higher than GST. Therefore, the development of high thermal
stable chalcogenide phase-change material is crucial for ePCMs. This
paper provides a review of the material engineering of high thermal
stable phase-change materials for embedded data storage applications.
The performances of the optimized phase-change material will be pre-
sented, followed by the discussion of switching mechanisms. The per-
formance ePCM chips will also be addressed followed by the introduction
of challenge and prospect of phase-change material.

2. Phase-change material

The discovery of a transition between high and low resistance levels

(b)

T.<160°C

10 0 » 40 5 L 70 80 « 100
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in chalcogenide compounds under electric field excitation was reported
by Ovshinsky in 1968 [21]. The amorphous state of chalcogenide
phase-change materials has high resistance, corresponding to logic state
"0". If a long pulse of low amplitude is applied, the material will be
affected by the heat generated by the electric pulse and transform from
the amorphous to crystalline state with low resistance (corresponding to
logic state "1”). This crystallization process is called Set programming,
which is related to T, of the phase-change material. When applying a
short electrical pulse with sufficient energy to the crystallized material,
the material will be melt-quenched to the amorphous state of high
resistance. The amorphization process is called Reset programming,
which is affected by the melting temperature (Tp,) of phase-change ma-
terial. The corresponding schematic diagram of the fast reversible
switching between the two phases is shown in Fig. 4.

The earlier publications on phase-change materials are mainly
focused on Te-based alloy, such as Teg3GesAsg, with access time on the
timescale of microseconds [22]. After that, a series of phase-change
materials with switch speed of sub-100 ns was found, such as
AgaInsSbgyTegs [23], promoting the practical application of PCM. GeTe
alloy is one of the earliest phase-change materials discovered in the
1980s, which shows a Set speed of 30 ns [24] and a T of 105 °C [25].
However, the crystallization speed of GeTe will slow down sharply when
the composition deviates. Therefore, the difficulty in controlling the
uniformity and stability of the components inhibits the actual application
of GeTe material in ePCM chips [26]. Other binary Sb,Tes phase-change
materials have also been extensively investigated. The crystallization
temperatures are much lower than that of GeTe (<75 °C) [27]. Therefore,
increasing T, has become a major challenge for the SbyTes alloy. Sub-
sequently in 1987 the GeTe-Sb,Te3 pseudo-binary alloy phase-change
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Fig. 5. Tradition Ge-Sb-Te tenary phase-change materials. (a) T, as a function of composition in the ternary Ge-Sb-Te phase diagram. The known GeTe- Sb,Te3 pseudo-
binary line is presented as the black line. (b) T, along the pseudo-binary line. Copyright ©2017 American Chemical Society.
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Fig. 6. Crystalline structure of Ge,Sb,Tes phase-

R. Wang et al.

[001]
" I I I I )
= I I I I
Q9 P 0
5 I I I I )
> I I I I )

[110]
@ 0 0 0 0
T® ©@ @ @ o
9.0 O 0 0
e 0 00
oo ™0 0
o 9 oV o
Ge/Sh/Vac

change material. (a) Atomistic models of rocksalt
GST, with red spheres (Ge), blue spheres (Sb), green
spheres (Te), and grey circles (vacancy). (b) The
atomic arrangements along the different crystallo-
graphic orientations. In the [001] and [111] views,
each gold sphere is comprised of four ingredients
(Te/Ge/Sb/vacancy). In the [110] and [211] views,
one Set of atomic sites is taken by Te, while the other
one is taken by pink spheres (Ge/Sb/vacancy).
Copyright ©2016 American Chemical Society.
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Fig. 7. Roadmap of material engineering on developing high thermal stable phase-change materials for the ePCM application.

materials with rapid phase transition process was reported by Yamada
et al. [28]. Fig. 5(a) shows the Ge-Sb-Te ternary phase diagram where the
pseudo-binary system (GeTe)x(SbaTes)y is presented as the black line,
showing a T. below 160 °C [29]. In this phase-change material system, as
the proportion of GeTe increases, T, will increase accordingly, as plotted
in Fig. 5(b), in which the most intensively studied phase-change material
is GepSboTes. It shows a T of 150 °C and a Ty of 85 °C [30], which meets
the temperature requirements for consumer electronics devices. In 2004,
the first 4 Mb ePCM chip was successfully fabricated by using a GST
phase-change material [31].

The switching mechanism of GST phase-change material has been an
active field to understand the reversible rapid switching behavior. It has
been reported that there is a significant amount of disorder exist in GST
compounds during the rapid crystallization process from amorphous
states [32]. A peculiar face-centered cubic (FCC) phase forms at about
150 °C, in which one sublattice is taken by Te, while the other sublattice
is randomly occupied by 40 % Ge, 40 % Sb, and 20 % vacancy [33], as
shown in Fig. 6. The FCC GST material transforms into hexagonal phase
at around 350 °C [34]. Since the difference in transition resistance be-
tween the two phases after crystallization is small, the phase transition
process applied to GST focuses on the transition between the amorphous
and FCC phases. The metavalent bonding between metallic and covalent
bonding has been considered as the fundamental bonding mechanism,
which is also called the octet rule [35]. High performance phase-change
material has been designed based on the mechanism of octet rule, with
high speed and low power consumption [36]. However, there is still lack
of the fundamental mechanism of the thermal stability and reliability of
phase-change material. Hence, the research on developing ePCM will
help give a deep insight into this mechanism to design high thermal
stable phase-change materials.

Material engineering on developing high thermal stable phase-change
materials for the ePCM has made significant progress over the past de-
cades, as shown in Fig. 7. Since GST has shown a good performance in the

phase change memory chip, early works are focusing on optimizing the
composition of GST to enhance the thermal stability [37]. Ge-rich GST
phase-change materials have been successfully used in the embedded
memory chips in 2013 [38]. Doping method began gaining more atten-
tion to further improve the performances. Among the dopants optimized
GST phase-change materials, carbon-doped GST showed a robust thermal
stability with good endurance, which was used in the ePCM chips in 2018
[39]. At the same time, several studies also have been tried to improve
the thermal stability of high-speed SbyTe; phase-change materials,
demonstrating the high performances of Si-doped [40] and Ti-doped
[41] SbyTes phase-change materials. In addition to doping and alloying
traditional PCMs with elements, a group of materials with intrinsically
high thermal stability was developed recently, such as CrGeTes, InGeTes
[42]. The detailed would been discussed in this work.

3. Ge-rich GST material
3.1. Performances of Ge-rich GST

In 2009, STM presented a 90 nm 4 Mb ePCM macrocell based on GST
material for the first time [43], in which a high endurance of more than
one million cycles and a Ty¢ of 85 °C are demonstrated. The ePCM
technology has great potential to replace embedded Flash due to its low
mask cost and simple process. However, the low crystallization temper-
ature of GST material limits its further application in automotive MCUs.
To improve the thermal stability of phase-change materials, extensive
research has been carried out by increasing the Ge content in Ge-Sb-Te
alloy, which is known as the Ge-rich GST material. It shows the advan-
tage of no additional doping elements, and the performances of the PCM
cell can be optimized by simply adjusting the composition of Ge, Sb, and
Te [44-46]. In 2011, researchers proposed the Ge-rich Ge;Sb;Te; ma-
terial with T. of nearly 100 °C higher than the GST material [47]. In
2013, Zuliani et al. found that the increased Ge content in GST alloys
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enhances the thermal stability of the amorphous material [48]. Fig. 8(a)
shows the resistivity as a function of temperature of Ge-rich GST and GST
alloys [49], in which T, of Ge-rich GST alloys increases with Ge content.
The resistance in crystalline state is increased accordingly, which is
consistent with the formation of Ge-Ge bonds [50]. The coordination
number of Ge-rich GST (referred as T-alloy in Fig. 8) is close to 3.5, while
in the amorphous GST film, it is 0.4. The Ge-Ge bonds, tetrahedra, and
five-membered rings enhance with the Ge content in the Ge-rich GST
alloys, which exist in the amorphous state and inhibit the crystallization
process.

Ty of the Ge-rich GST material is also optimized by additional Ge
content, as shown in Fig. 8(b). The optimized T-alloy of Ge-rich GST
exhibits an E, of 4.3 eV and a T of 185 °C, which is 60 °C higher than
GST film. Moreover, the high thermal stability of Ge-rich GST alloys also
improves the performance of PCM devices [51]. It is observed from
Fig. 8(c) that the ePCM based on Ge-rich GST alloy shows a uniform Reset
resistance distribution after annealing at 240 °C for 1 h, which is over 60

°C improvement compared with the PCM devices using GST alloy. The
proposed PCM devices exhibit a good Reset retention soldering trail (260
°C for 40 s), and a good endurance performance up to 10 cycles with a
resistance ratio around two orders of magnitude, indicating a great po-
tential for the MCU data storage in automotive applications.

3.2. Mechanism of high thermal stability of Ge-rich GST alloy

Understanding the crystallization process of Ge-rich GST alloy is not
only crucial for optimizing their performance in ePCM applications, but
also of great significance for revealing the microscopic dynamics of the
switching between different resistive states [52-54]. The crystallization
process of Ge-rich GST alloy consists of four main steps [55]. Fig. 9(a)
shows the evolution of the crystallization of Ge-rich GST alloys during the
annealing at 310 °C: (1) During the initial stages of annealing at 310 °C,
the homogeneous and amorphous Ge-rich GST alloy experiences pro-
gressive phase separation. (2) As phase separation progresses, GeTe
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embryos are observed as the first crystallized phase. The embryonic
phases act as nucleation sites, which trigger the heterogeneous crystal-
lization of the Ge cubic phase. (3) Following the initial crystallization of
GeTe embryos, the Ge phase grows by the continuous nucleation of small
grains. The growth occurs as the Ge content in the remaining amorphous
regions decreases, dominated by the formation of new small crystallites.
(4) Once the Ge cubic phase is largely formed, the remaining amorphous
regions reach the composition of GST and begin to crystallize as large
grains of GST. The final step completes the crystallization process, which
results in a material that contains both Ge and GST crystalline grains.
Fig. 9(b) shows the variations of the integrated intensity of the two main
characteristic peaks of Ge and GST phases during 310 °C annealing. The
result confirms the earlier formation of Ge phase prior to GST phase. The
intensity of the Ge peaks reaches 80 % of the final value within the first
30 min before the nucleation of GST phase. Compared to Ge, the GST
phase builds up more slowly and the GST peaks begin to increase
approximately 20 min after the Ge peaks have almost reached their
maxima, indicating the existance of both Ge and GST crystalline phases in
the Ge-rich GST alloys.

Remondina et al. [56] demonstrated the crystallization process of
Ge-rich GST alloy through thermal annealing at various temperatures.
Fig. 9(c) shows the XRD pattern of Ge (111) peak and GST (200) peak
after annealing. After annealing at 310 °C, the sample presents phase
separation in the amorphous domain. When the temperature is increased
to 337 °C, a broad and weak peak corresponding to the Ge (111) peak
appears in the XRD pattern, indicating the crystallization of Ge. As the
annealing temperature continues to increase, both Ge (111) and GST
(200) peaks emerge in the XRD pattern, indicating that GST has also
crystallized. Moreover, Luong et al. [57] observed the coexistence of Ge
and GST grains after annealing at 400 °C for 30 min through transmission
electron microscopy (TEM) analysis, as shown in Fig. 9(d). The larger
crystalline regions are the GST alloy, while the smaller grains are cubic
Ge phases.

3.3. The ePCM chip based on Ge-rich GST material

STM has been dedicated to the ePCM technology in the field of
automotive MCU for a long time [58-60]. In 2018 Aranud et al. proposed
a 28 nm FDSOI ePCM solution based on the Ge-rich GST material [61],
offering a new eNVM solution for automotive MCU applications. Fig. 10
shows the co-integration scheme of PCM and CMOS technology based on
FDSOI substrate [62]. This technology demonstrated a 5 V transistor with
high analog performance. The PCM cells maintained a programming
window of two orders of magnitude after one million cycles. The PCM
cells exhibited a low bit error rate (down to 10~8) after multiple bakes at
150 °C and 10* operation cycles, which is compatible with the stringent
requirements of the automotive industry.

Furthermore, Aranud et al. [63] enhanced the 28 nm FDSOI-PCM
solution in 2020 using a bipolar junction transistor selector, integrating
triple gate oxide devices with an cell size of 0.019 um?. The PCM array is
based on the Ge-rich GST alloy organized with isolating bit and word
line. The innovation not only increased storage density but also
demonstrated exceptional reliability, meeting the automotive grade-0
reliability criteria, with a wide reading window obtained even after
2.5x10° write operations at 165 °C. Furthermore, to emulate the thermal
stress of reflow soldering, the 16 MB PCM array was kept at 265 °C for
210 s. It reaches the target of Reset retention for automotive applications,
ensuring data integrity and performance under extreme conditions. In
2021, Ge-rich GST-based PCM was successfully integrated into the 18 nm
FDSOI process by STM [64]. The advanced technology node offers better
performance and lower power consumption, representing the most
advanced eNVM MCU solution so far [65].

3.4. Challenge and prospects

Although Ge-rich GST alloy shows the advantage of high thermal
stability and good data retention, it also has significant drawbacks that
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cannot be overlooked. The first drawback of Ge-rich GST alloy is the slow
crystallization speed, as shown in Fig. 11(a). POR C refers to conven-
tional GST, while POR B represents Ge-rich GST. It is observed that Ge-
rich GST is three times slower than conventional GST [48]. The slow
Set speed of Ge-rich GST can be explained through its crystallization
mechanism. The Ge-rich GST alloy undergoes a phase separation process
before crystallization, delaying the start of crystallization. The crystalli-
zation process of Ge-rich GST alloy involves the growth of two different
grains, Ge and GST, thus increasing the overall time for crystallization
[66]. POR A in Fig. 11(a) represents Ge-rich GST deposited through
process optimization. It exhibits an enhanced crystallization speed,
which locally modifies the material composition in the melted region,
effectively mitigating the segregation of Ge. The second drawback is the
higher Set resistance and wider initial resistance distribution after the
process [67], as shown in Fig. 11(b), which is due to the segregation of Ge
during the high temperature process. The third drawback is the higher
resistance drift, as shown in Fig. 11(c), where the Set resistance drift of
Ge-rich GST at 150 °C is higher than that of GST [68]. Laurin et al.
demonstrated that the high Set resistance drift is caused by the element
segregation and amorphous residuals during its crystallization process.
For the first time, the amorphous residuals were observed in the activa-
tion area of the PCM devices using STEM [69].

Many efforts have been made to address these challenges. Navarro
et al. [68] proved that nitrogen doping can effectively enhance the
resistance stability. As shown in Fig. 11(c), the doped nitrogen forms
strong Ge-N bonds with germanium, reducing the diffusivity of Ge and
thereby decreasing the resistance drift over time. Moreover, Fig. 11(c)
displays the XRD patterns of N-doped Ge-rich GST alloys after annealing
from 340 °C to 500 °C, demonstrating that the incorporation of N inhibits
the transformation to hexagonal GST phase and increases crystallization
temperature [70]. The TEM images performed on the films with and
without N are shown in Fig. 11(d), revealing that the undoped layer is
characterized by larger grain sizes with a higher propensity for void
formation. The increasing of N content shows a finer morphology made

of smaller crystalline grains, thus enhancing the device functional yield
after fabrication process. Daoudi et al. [71] demonstrated a faster crys-
tallization speed by adjusting the Sb/Te ratio, as shown in Fig. 11(e),
while retaining the advantages of high crystallization temperature. Pal-
umbo et al. [72] successfully mitigated Ge segregation after process
through carbon implantation into Ge-rich GST alloys. No open bits were
observed after 10° cycles at 150 °C, exhibiting enhanced device reli-
ability and improved data retention at high temperature. Furthermore,
the process optimization not only significantly enhances the crystalliza-
tion speed of Ge-rich GST alloy but also improves its data retention
properties, as illustrated in Fig. 11(f). The Ge-rich GST cells fabricated
using the optimized process demonstrate a uniform resistance distribu-
tion even after annealing at 180 °C for 1 h, which can be attributed to the
reduction in Ge segregation through process optimization.

In conclusion, while significant achievements have been made, the
Ge-rich GST alloys still face critical challenges for high performance
ePCM. Substantial research efforts are required to overcome these limi-
tations through comprehensive optimization of material property, device
design, and fabrication process. This will make Ge-rich GST alloys more
suitable for advanced ePCM technologies that demand high thermal
stability and reliability [73,74].

4. Carbon doped GST material
4.1. Light element doped GST

Doping has been proved to be one of the most effective strategies to
enhance the properties of GST phase-change materials. Both experi-
mental studies and theoretical calculations have demonstrated that
among several dopants, such as Si [75-77], O, N, and Ta [78], C is
particularly effective in improving the thermal stability and endurance of
GST materials. Nitrogen-doped GST (NGST) material can be prepared
through reactive sputtering or ion implantation. Previous studies have
demonstrated that nitrogen doping in GST films significantly enhances
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the stability of the amorphous state, increasing the crystallization tem-
perature of GST [79-81]. Nitrogen atoms tend to form Ge-N clusters with
Ge, distorting the structure of neighboring atoms [82]. This distortion
impedes the crystallization process and slows the speed of grain growth.
NGST-based PCM cell exhibits excellent performance in terms of power
consumption, durability, and the potential for multi-bit data storage [83,
84]. Oxygen is also an attractive dopant for GST. The preparation of
oxygen-doped GST (OGST) material follows a similar deposition process
to NGST. Studies indicate that the dissociation energy of O is low,
resulting in a low formation energy for OGST [85,86]. Oxygen doping
introduces additional nucleation sites, leading to faster phase transitions
in OGST. However, high oxygen content in GST films will result in for-
mation of a germanium-deficient hexagonal phase (e.g., GeSboTe4 or
SboTes) upon annealing, resulting in a severe resistance drop at low
temperatures and thus affecting the electrical properties of PCM devices
[871.

In 2011, Yong et al. [88] studied the effect of carbon doping on the
structure and electronic properties of amorphous CGST (a-CGST) using
ab initio molecular dynamics simulation. The calculations show that
carbon dopants fundamentally change the local order of the amorphous
network by significantly increasing the number of tetrahedral Ge atoms
compared to Si, N, and O dopants. ABAB square rings in amorphous
phase-change materials can be used as nucleation sites of crystals. The
density of ABAB rings in amorphous CGST is much lower than those of
undoped amorphous GST, NGST, and OGST, which implies the
outstanding stability of amorphous CGST. Therefore, carbon doping has
been widely discussed and studied in these years.

4.2. Switching performance of CGST

The research has proved that carbon dopants are very effective in
extending the covalent properties and enhancing the stability of amor-
phous GST (a-GST) by molecular dynamics simulations [82-84]. Bor-
isenko et al. [92] found that in a-CGST C atoms were inclined to form
C-Ge bonds and C-C bonds, indicating that the germanium carbide phase
and atomic scale carbon clusters appeared inside the material structure.
The main structure of a-CGST is the distorted squares and square frag-
ments of Ge(Sb)-Te-Sb(Ge)-Te atoms, similar to the elementary building
blocks of the corresponding crystalline structures of the metastable FCC
phase of pure GST.

An outstanding advantage of CGST phase-change materials is the
simplicity in preparation as well as the ability to easily incorporate car-
bon atoms from both the precursor and co-reactant materials. In many
studies, CGST thin films have been prepared using the magnetron sput-
tering tool, with co-sputtering of elemental carbon and GST alloy target.
Extensive experimental evidence has demonstrated that the incorpora-
tion of carbon atoms into GST can substantially enhance the thermal
stability of the material, particularly by increasing both the T, and Tyo
[93,94]. For instance, the study by Cheng et al. [95] shown in Fig. 12(a)
reveals that the resistance values of CGST in both amorphous and crys-
talline states are higher than that of undoped GST, suggesting that carbon
doping alters the electronic characteristics of the material. Furthermore,
CGST exhibits a significantly higher T. compared to GST. The phase
transition from FCC to hexagonal structure is effectively suppressed,
thereby stabilizing the metastable phase. The fitting curve of data
retention in Fig. 12(b) indicates that the Ty¢ for CGST is elevated to 128
°C, which is 35 °C higher than GST, demonstrating an improvement in
the data retention capability of the material. Moreover, the properties of
CGST can be further optimized by adjusting the carbon doping concen-
tration. Zhou et al. [96] for the first time demonstrated experimentally
that by fine-tuning the carbon doping level, the T. of CGST can be
increased to 238 °C, while the Tjo can be enhanced to 145 °C, indicating
a significant improvement in thermal stability.

PCM devices based on CGST exhibit superior electrical performance
compared to those undoped GST. The CGST PCM cells show increasing
resistance values in both low-resistance state (LRS) and high-resistance
state (HRS), a significant reduction in the Reset operation voltage, and
enhanced cycling endurance [90-92]. Thermoelectric simulations indi-
cate that the CGST phase-change material, with its higher resistivity and
lower thermal conductivity, effectively minimizes heat dissipation dur-
ing the Reset process [97-100]. This reduction in heat dissipation leads
to a decrease in overall power consumption. However, it is important to
note that excessive carbon content presents detrimental effects on the
switching performance of CGST-based devices [101]. High level of car-
bon doping lead to a slowed Set operation speed and a reduction in the
ON/OFF ratio, which negatively impacts the device's switching charac-
teristics and operational efficiency [102]. Based on the above conclu-
sions, the high thermal stability and excellent cycle endurance of CGST
ensure its suitability for ePCM chips.
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4.3. Mechanism of enhanced thermal stability of CGST material

Researchers have conducted extensive studies on the phase change
mechanisms of CGST materials, focusing particularly on how carbon
doping enhances the thermal stability and durability of phase-change
materials through a combination of experiment and calculation.

The doped carbon atoms change the local structure of Ge atom
significantly. The calculation results demonstrate that C atoms exert a
significant influence on the atomic and electronic structure of a-GST,
with an increase in tetrahedral Ge coordination significantly enhancing
the amorphous stability of PCM [88,89,91,102]. Fig. 13(a) shows the
amorphous structure of GST and CGST. Fig. 13(b) gives the corre-
sponding calculations results of bond angle distribution (BAD). The peak
position in the Ge-centered BAD significantly shifts to larger angle to-
ward the tetrahedral angle (109.5°) in a-CGST, indicating larger portion
of tetrahedral Ge sites with C addition [97]. The reconstructed 3D
mapping by atomic probe tomography (APT) of a-CGST material reveals
that the concentrations of C and Ge change almost synchronously. While
the Sb and Te concentrations are significantly reduced in the C/Ge-rich

regions, suggesting a preferential bonding interaction between C and
Ge atoms in a-CGST [100]. EXAFS data further indicates that carbon
atoms partially substitute Ge and Te in Ge-Ge and Ge-Te bonds, resulting
in the formation of Ge-C bonds. The sp> hybridization between Ge and C
contributes to the network rigidity by reducing ABAB ring motifs,
thereby improving the thermal stability of the system [103]. Raman
spectrum also demonstrated the reduction of tetrahedral units GeTe4.p,_
Gep (n = 1, 2) induced by carbon doping [103]. However, the incorpo-
ration of tetrahedral Ge atoms reaches saturation at carbon doping
concentrations between 5 and 10 at.%, after which the tetrahedral Ge
bonding begins to decrease [102].

Carbon atoms are beneficial to form three-dimensional confined
structures. The microstructural characteristics of GST and CGST can be
directly observed using TEM analysis [97,103,104]. The TEM images of
CGST, along with Fast Fourier Transform (FFT) diffraction rings, display
weak intensity. It suggests that the crystallization process in CGST is
significantly suppressed. High-resolution TEM (HRTEM) images shown
in Fig. 12(c) and (d) presented by Zhou et al. [97] exhibit the crystalli-
zation behavior of GST and CGST after annealing at 250 °C and 400 °C,
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respectively. Most of the C atoms in CGST films are randomly distributed
in amorphous clusters that surround the crystal nuclei which effectively
limits the grain growth in three dimensions. A portion of the C atoms is
incorporated within the grains, where they either substitute for Te atoms
or occupy the interstitial sites. Three-dimensional APT reconstructions of
crystalline CGST (c-CGST) reveal carbon-rich clusters with dimensions of
approximately 4 x 5 x 10 nm®. Notably, the distribution of Ge, Sb, and
Te within the regions is significantly diminished, which further supports
the notion that C atoms predominantly localize around the GST grains
[100]. The 3D confinement effect of C atoms contributes to a reduction in
the grain size of the FCC phase. According to previous research, the grain
size of GST after in-situ electric field operation ranges from 100 to 140
nm [105], whereas the grain size of CGST after electrical pulse operation
failure is only between 20 and 50 nm [106]. Fig. 13(e) and (f) show the
electrothermal simulation results of heat distribution in the Reset pro-
gramming of GST and CGST PCM devices based on different grain sizes
[97]. The peak temperature in the CGST layer is significantly higher than
that of the GST layer. This suggests that the smaller grain sizes in CGST
inhibit heat dissipation, which enhances thermal stability and lowers the
Reset current of PCM devices.

Carbon atoms inhibit the migration of GST atoms. The crystal growth
rate at the amorphous-crystal interface near carbon atoms is significantly
reduced, particularly near the carbon-rich clusters. This reduction in
growth rate is attributed to the presence of carbon, which contributes to
the reduced operation speed of CGST phase-change memory devices.
Fig. 13(g) and (h) present the mean square displacement (MSD) and
diffusion coefficients (D) of the atoms in both GST and CGST at an
ambient temperature of 600 K. The presence of non-diffusive C clusters in
CGST inhibits the long-range thermal- and electro-migration of Ge, Sb,
and Te atoms [100]. This inhibition is a key factor in the enhanced
endurance of CGST PCM cells, as it suppresses the atomic migration and
stabilizes the material over prolonged cycling.

4.4. The ePCM chip based on CGST material

After extensive research and developments, CGST phase-change ma-
terials have reached an increased level of maturity. Researchers in
shanghai institute of microsystem and information technology (SIMIT)
have successfully fabricated highly reliable ePCM chip based on the
CGST material at 40 nm node. The capacity of the chip is 128 Mb with a
chip yield of 93.3 % [107]. Fig. 14(a) presents a cross-sectional TEM
image of the chip array, while Fig. 14(b) shows the TEM image of two
independent PCM cells [108]. The chip employs a TiN L-type electrode as
the heater. The ePCM chip is operated with current pulses down to 20 ns
with an on/off ratio larger than two orders of magnitude and T of 128

10

°C. Fig. 14(b) shows the distribution of Reset and Set resistance values
before and after the soldering test at 260 °C. After a 5 min baking process,
a clearly detectable resistance window remains, demonstrating the good
stability of the devices. Fig. 14(d) shows that the device can perform
more than 108 switching cycles, implying its suitability for applications
demanding both high thermal stability and exceptional cycle durability
[107]. Furthermore, Liu et al. [109] developed a stepped programming
and validation method to demonstrate multilevel storage (MLC) func-
tionality of CGST alloy. The read endurance at 0.3 V is up to 10° cycles,
confirming the excellent performance of the CGST-based PCM in terms of
read endurance. These results prove the great potential of CGST-based
ePCM chips for high-reliability multilevel storage applications.

To investigate the impact of C atoms on the electrical performance of
PCM devices, Cheng et al. [110] performed a failure analysis on CGST
based PCM chips. The cross-sectional TEM image of the device is pre-
sented in Fig. 14(e), clearly showing the operated active region and the
unoperated region. The purple signal at the bottom corresponds to the
EDS analysis of the C element, which reveals that C atoms accumulate in
the dark contrast regions. The gradual segregation and aggregation of the
C element contribute to a decrease in the Reset resistance value during
cycle operation. The C atoms migrate toward the active region under
current pulses, inhibiting grain growth and improving reliability. The
redistribution of C dopants is crucial for optimizing PCM performance
and offers insights into C-doped material systems.

CGST has emerged as one of the most promising materials for ePCM
applications, showing good thermal stability, reliability, and cycling
durability. Although CGST devices have slower Set speeds, it is appro-
priate for embedded data storage applications that prioritize long-term
stability and energy efficiency. Additionally, enhancing the uniformity
and consistency of CGST at the microscopic level is essential. This can be
accomplished by optimizing the deposition process of phase-change
material film. The practical application of CGST-based PCM can be
enhanced by optimizing the device structure and circuit design, which
will improve the efficiency and reliability of CGST-based PCM chips.

5. Optimization of SbyTe3 based material

As mentioned above, GST as a representative of chalcogenide mate-
rials, is the most widely studied alloy. Although GST-based phase-change
memory shows good performance, there are still many works needed to
be performed. Compared to GST, SboTes has a lower Ty, and higher
operation speed, which has also attracted a great deal of attention in the
past decades. However, the much lower T, of SbyTes leads to an unstable
amorphous phase and poor data retention. Therefore, increasing the
thermal stability is a major challenge for applications of SbyTes-based
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Fig. 15. The structural, thermal and electrical characteristics of SiSbTe. (a) Schematic diagram of reversible phase-transition processes in bicontinuous structure. (b)
Tomographic reconstruction insights into the 3D bicontinuous structure of crystallized SiSbTe material.

PCMs. Reducing the film thickness of SbaTes to the sub-nanometer scale
has been reported to be an effective way to increase T, showing a T, of
75 °C at 1 nm thick and 200 °C at 0.75 nm thick [111]. However, the
thickness of the film prepared by laboratory-grade equipment is often
more than 2 nm. For this purpose, a variety of dopants are introduced
into Sb,Tes to improve its thermal stability. Based on the successful cases
of doping light elements into GST material, many studies have also
introduced light elements C [111-115], N [116,117], and O [118,119]
into SbyTes materials. The doping of light elements effectively improves
the thermal stability and the resistance of as deposition SbeTes film.
However, the light elements dopants with small atomic radius are
distributed in the lattice gap or interface, which are capable of forming
enrichment and limiting the growth of grains, reducing the crystalliza-
tion speed of SbyTes. However, excessive light element doping would
sacrifice the electrical properties of PCM and lead to phase separation
which reduces the reliability of PCM.

In addition to the above-mentioned doping elements, the Si-doped
SboTes (SST) [120-124] phase-change material is widely used in
ePCM. The phase transition mechanism is different from that of GST. In
2021, cheng et al. [125] combining the advanced 3D tomography tech-
niques and TEM presented that the crystalline SST films have a uniform
equiaxial structure in 3D space, which is composed of reversible Sb,Tes
and amorphous Si phases, well nesting with each other. Fig. 15(a) il-
lustrates the phase transition mechanism of SST materials. The
as-deposited SST film presents a homogeneous amorphous state with
high resistance. After Set operation, a specific bicontinuous structure is
formed, i.e., the amorphous Si region and the nanocrystalline SbyTes

region are nested to form a low resistance state. When Reset it again, the
nanocrystalline SboTeg returns to the amorphous state, and the amor-
phous Si region and the nanocrystalline SboTes are nested to form a high
resistance state. A general percolation model is used to explain the
relationship between the electrical properties and microstructure.
Theoretically, when the site occupancy probability is 30 %, half of the
SbyTes region can crystallize to form a complete conductive pathway.
Fig. 15(b) shows five HAADF-STEM slices along the thickness direction
and a visualized 3D tissue structure of the reconstructed. The tissue
structure of the evenly distributed slices shows that the Si region and the
SbyTes region were homogeneously mixed.

In 2011, Li et al. [126] used the first-principles AIMD calculation to
confirm that the formation energy of SST alloy was higher than that of
the separated Si and SbyTes phases, indicating that SST was easier to
form phase split. In 2014, Wang et al. [127] used a first-principles-based
molecular dynamics simulation method to simulate the bonding behavior
of the interface between amorphous Si and amorphous Sb,Te3 materials
at the nanoscale, and found that: (1) Through the spatial effect of the
atomic "channels" of the amorphous interface, the arrangement of the Te
network is significantly distorted and separated from the p-orbital bond
angle in conventional phase-change materials. (2) Through the electronic
"channels" of the amorphous interface, highly localized electrons in the
form of lone pairs are "projected" from the amorphous Si to SbyTes by
proximity effects. From the perspective of bonding and electron distri-
bution, the intrinsic mechanism of Si doping to improve the thermal
stability of SbyTes is explained in more detail. It is worth mentioning that
the metastable FCC SbyTes phase can be remarkably preserved even
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Table 1
Performance of the SST-based and GST-based PCM devices [128].
Reset Set speed Drift coefficient Drift Endurance
current (ns) at HRS/LRS at retention at
(pA) 65 °C 85°C
SST 550 100-820 0.01/0.01 48 h <107
GST 650 60-100 0.1/0.065 25 min <10°

above 370 °C in this bicontinuous system. Considering the excellent
thermal stability of SST material, it is a potential candidate for ePCM,
especially in automotive electronics applications. As the Si doping con-
centration increases, both the T, and E, increase. The SST material ex-
hibits a higher T. and binding energy (E,) compared to GST [123].

Fig. 16(a) shows the sheet resistance of SiySbyTe3 and GST films as a
function of temperature, with a heating rate of 13 C/min. With the in-
crease of Si content, the T. of SST increases, and the resistance of
amorphous state also increases. Although the Si doping concentration
can improve the thermal stability of SbyTes materials, the excessive Si
atoms will also lead to an increased operation speed and energy cost, so it
is necessary to select an appropriate doping concentration. Fig. 16(b)
shows the Set and Reset operations of SigSboTes-based PCM cell driven
by different voltage pulse widths. From the data in Table 1, the T;¢ of
Si3SbyTes reached 120 °C, which was significantly improved compared
with GST. Fig. 16(c) shows the endurance characteristic of Si3SbyTes
with 107 endurance switching cycles.

In 2024, IBM [128] presented the performance of SST-based PCM
chip, exhibiting significant advantages over GST chips, as shown in
Table 1, particularly in terms of data retention capability at 85 °C, which
is more suitable for the requirements of eNVM applications. Although
SST has good thermal stability, its slow read/write speed limits its further
applications. Introducing another doping element is proposed to solve
this issue.

Afterwards, the octahedral “gene” principle is proposed by Song et al.
[129], that is, when performing doping modification, the selected dopant
atoms, upon incorporation into the matrix material, can form stable
chemical bonds with the atoms in the matrix. These bonds then enable
the formation of local octahedral or octahedral-like structures. Due to the
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abundance of stable local octahedral configurations in the amorphous
state, the time required for nucleation is shortened during the phase
transition to the FCC structure, thereby enhancing the crystallization
rate.

Based on this principle, Zhu et al. successfully synthesized Ti-SbyTes3
(TST) phase-change material by introducing titanium into SbyTes in
2014 [41]. This material demonstrated remarkable performance, with a
phase-change speed of 6 ns, a cycling endurance of 107 cycles, and power
consumption values that are superior to those of GST. Fig. 17(a) depicts
the atomic configuration of amorphous TST, as derived through
melt-quenched molecular dynamics simulations. Meanwhile, Fig. 17(b)
and (c) provide a comparative analysis of the coordination number (CN)
and BAD between the amorphous TST and GST material. The computa-
tional results indicate that Ti elements tend to have a coordination
number of 6 or 7 in TST, with a peak bond angle of approximately 85°,
which is very close to the ideal rock-salt structure. Considering the co-
ordination numbers and bond angle distributions of Sb and Te elements,
we deduce that the Ti-centered atomic motifs (TCAMs) in both amor-
phous and crystalline phases of TST are depicted in Fig. 17(d). In the
amorphous phase, Ti atoms are positioned at the center of local octahe-
dral arrangements, bonded to six Te atoms, thereby accounting for its
exceptional crystallization speed. Compared to SbyTes, which displays a
monotonical decrease in resistance, TST undergoes a significant resis-
tance drop, as shown in Fig. 17(e), marking the crystallization temper-
atures (T.) at Tig 32SboTes, Tig.43SbaTes, and Tig s¢SboTes, occurring at
175.6, 185.5, and 195.9 °C, respectively. Fig. 17(f) demonstrates a
gradual enhancement in ten-year data retention as Ti content increases.
The 10-year data retention temperatures for Tip 32SbaTes, Tig 43SboTes,
and Tig 56SbaTes are 79, 92, and 105 °C, respectively, with corresponding
activation energies (E,) of 2.1, 2.3, and 2.5 eV, respectively. Fig. 17(g)
and (h) is the electrical performance of TST devices. TST can switch
reversibly within 10 ns, and the endurance reaches 107, which means
that TST maintains a good thermal performance while maintaining
ultra-fast operating speed and fatigue performance.

In 2019, TST material was employed in a 4 Mb ePCM chip, as shown
in Fig. 18. The programming time of the TST devices is as fast as 45 ns,
which is increased by 80 % in programming speed compared with GST.
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Fig. 17. The structural, thermal and electrical characteristics of TST. (a) The amorphous structure of TST. (b) The coordination number distribution of Ge and Ti in the
respective amorphous model. (c) The bond angle distributions (BADs) around Ge in amorphous GST and Ti in amorphous TST. Inset shows the BADs around Sb and Te
in amorphous GST and TST, respectively. (d) Proposed Ti-centered atomic motifs (TCAMs) in amorphous and crystalline TST. (e) Temperature dependence of the sheet
resistance R of the SboTes, and TixSb,Te; films. (f) The Arrhenius extrapolation at 10 years of data retention for Ti,SboTes films. (g) Resistance-voltage characteristics
of PCM cell based on Tig 43Sb,Te; material for different voltage pulse widths. (h) Cycling endurance characteristics of the PCM device based on Tig 43Sb,Tes material.
Copyright ©2014, Macmillan Publishers Limited. Copyright ©2015, American Chemical Society.
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Fig. 18. PCM chip performances of TST. (a) 1T1R memory cell structure and TEM image of the blade-type PCM device. (b) The impact of Set pulse width on Set
resistance distribution plot of PCM cells. The low resistance state (crystalline) can be reached within 45 ns. (c¢) Cycling endurance characteristics of the PCM device

based on TST and GST material. Copyright ©2018 Elsevier Ltd.
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Fig. 19. Material screening based on the octahedral motifs. (a) The process and details of material screening grounded in the octahedral “gene” principle. (b) The
lattice mismatch between A-Te (A is In, Ge, Ti, Ta, Er and Sc) and Sb-Te. Copyright ©2017, Science.

Table 2

Performance of the SST-based and GST-based PCM devices.
Phase-change material GST Ge-rich GST CGST TST SST
T. (°C) ~150 >185 >180 ~186 ~277
Ty0 °C) ~85 ~170 ~128 ~82 ~169
E, (eV) ~2.3 ~4.3 ~2.8 ~2.3 ~2.7
Speed (ns) >30 >200 >100 >6 >100
Endurance >10° >108 >108 <107 <107

Fig. 18(a) shows the schematic structure and cross-sectional TEM image
of the device. Fig. 18(b) shows the change in resistance of TST at different
pulse widths tested at 0.6 mA. Fig. 18(c) shows a comparison of the
endurance of TST and GST-based PCM cell. The endurance of TST device
is over 10° cycles, which is one order higher than the GST device.

The material screening mechanism grounded in the octahedral “gene”
principle has been further refined, as illustrated in Fig. 19(a). In addition
to the prerequisite that the amorphous structure already possesses six-
coordinate octahedral motifs, the following criteria are also required:
(1) the bond length should be close to 0.3 nm. (2) The melting temper-
ature of the material should be greater than 900 K. (3) The introduction
of impurities should not cause significant lattice distortion. (4) The
crystalline state should be FCC structure and be able to maintain this
structure for an extended period. (5) The dopant elements should be able
to form stable chemical bonds with Te atoms and the resulting structure
should also be FCC. Fig. 19(b) exhibits the extent of lattice mismatch for a
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selection of elements that meet the previously outlined screening con-
ditions upon their incorporation into SbyTes [41,130-133].

To compare the performance of GST, Ge-rich GST, CGST, TST and
SST, the key characteristics, such as T, T19, Ea, speed and endurance are
listed in Table 2. Even though SboTeg lacks outstanding device charac-
teristics, the strategic incorporation of suitable elements can significantly
enhance its thermal stability while preserving its rapid operational speed.
Consequently, SboTes stands out as a highly promising material system
that holds considerable potential for further research and exploration.

6. Conclusion

This paper provides an in-depth review of high thermal stability
chalcogenide phase-change materials that are crucial for eNVM appli-
cations in next-generation non-volatile memory technologies. The key
challenge for ePCM is the thermal stability for reliable performance after
high temperature treatments. Material engineering strategies to address
this challenge are discussed, including the optimization of Ge-rich GST
materials, the doping of GST materials with light elements, and the bi-
nary SboTes alloys with titanium, silicon, and scandium dopants. These
advancements have led to improvement of thermal stability, data
retention, and cycling endurance of phase-change material, making
PCMs a promising candidate for automotive MCU and embedded mem-
ory applications. The industrialization state of these materials and their
impact on the future development of ePCM technologies are also
demonstrated. Doping carbon in the Ge-rich GST alloy might be a feasible



R. Wang et al.

way to further improve the thermal stability and reliability of ePCM. The
continuation and expansion of high thermal stability chalcogenide phase-
change material investigations are essential to ensure PCM chips with
improved properties for embedded data storage applications.
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