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A B S T R A C T

Phase Change Memory (PCM) technology, particularly utilizing GeTe-based materials, has emerged as a 
compelling alternative to traditional nonvolatile memory systems, offering significant advancements in speed, 
scalability, and endurance. This review provides an in-depth analysis of recent developments in GeTe PCM, 
focusing on the challenges and breakthroughs that have characterized its evolution. Key aspects of resistance 
drift, material aging, and crystallization dynamics were explored, with special attention to the fundamental 
mechanisms, including β-relaxation and the Fragile-to-Strong Transition in supercooled liquids, along with 
Peierls distortions. Innovations in material engineering, such as alloying and nanoconfinement, have been dis-
cussed for their roles in enhancing device performance and reliability. Furthermore, this review examines the 
impact of advanced fabrication techniques and novel device architectures on the practical applications of PCM. 
By integrating these technological advancements with a theoretical understanding of the material properties, this 
review highlights the transformative potential of GeTe PCM across various applications, setting the stage for 
future research directions aimed at fully realizing the capabilities of this promising memory technology.

1. Introduction

Phase Change Memory (PCM) technology has not only achieved 
remarkable success in the commercial market since Intel and Micron 
introduced 3D XPoint technology in 2015, but has also significantly 
advanced the development of storage technology [1–3]. 3D XPoint 
technology has successfully narrowed the performance gap between 
traditional DRAM and NAND flash memory through its non-volatile and 
DRAM-like fast access capabilities and has been widely used in data 
centers and high-end storage solutions that require high density and 
high endurance [4–6].

In recent years, the application of PCM technology in cutting-edge 
fields, such as artificial intelligence, quantum computing, and the 
Internet of Things, has gradually unfolded, providing new ideas for high- 
performance computing and efficient storage. In the field of artificial 
intelligence and machine learning, PCM’s fast read/write capability and 
non-volatility make it an ideal choice for neural network weight storage 

[7,8]. This not only avoids the problem of data reloading in traditional 
memories but also significantly reduces the energy consumption during 
training [9–11]. PCM maintains the neural network weights even after a 
power failure, which brings higher efficiency to machine learning tasks 
that involve frequent data reads and writes, enabling faster training of AI 
models [12,13]. In quantum computing, PCM’s non-volatility and 
long-term stability are very favorable for storing quantum bit states 
[14–16]. Quantum computing requires a high level of storage technol-
ogy that can access data quickly and reliably, and the characteristics of 
PCMs fulfill this need, helping quantum systems to remain stable 
[17–20]. PCMs are also able to maintain data invariance under 
temperature-controlled environments, further enhancing storage man-
agement for quantum computing [21]. The fast response and low-power 
requirements of IoT devices also match the characteristics of PCM 
technology [19,22]. IoT devices usually require persistent data storage 
to ensure that data is not lost under intermittent power supply condi-
tions, and the low-power characteristics of PCM enable it to hold data for 
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long periods when the device has limited power. PCM’s fast-access 
capability of PCMs also enables them to perform well in data-intensive 
IoT applications, helping to improve the device’s ability to respond 
quickly to changes in the environment and to realize real-time data 
processing and efficient storage management in application scenarios, 
such as smart cities and industrial monitoring [23,24]. application 
scenarios to realize real-time data processing and efficient storage 
management.

In addition, PCM technology is an important advancement in brain- 
like computing due to its non-volatility and high-speed read/write 
capability, making it an ideal material for simulating synaptic connec-
tions in the human brain [25]. PCM allows the storage of multiple 
resistive states on the same device, simulating changes in the synaptic 
strength of neurons, which is crucial for implementing brain-like 
learning mechanisms. The ability of this material to change conduc-
tance rapidly supports fast computation without the loss of information, 
making it particularly important in artificial intelligence and deep 
learning applications. The latest research utilizes a gradient doping 
technique to achieve finer conductance control in multilayer PCMs, 
enabling devices to achieve secondary and quaternary storage states 
through different electrical pulse operations, greatly improving their 
functionality and efficiency in neuromorphic computing [26]. This 
technique not only demonstrates its efficiency in complex pattern 
recognition tasks by achieving learning accuracies of up to 94.81 %, but 
also highlights the potential for modeling synaptic plasticity in 
brain-like computing architectures [26]. However, despite showing 
great promise for applications, PCM technology still faces challenges in 
practice such as resistive drift, which may affect the long-term stability 
and computational accuracy of the device. Future research will need to 
address these challenges by developing new materials, optimizing de-
vice structures, and improving programming methods and circuit design 
to further enhance the efficacy of PCM for high-performance computing 
and smart device storage.

This review discusses the physical origins of reliability optimization 
in PCM using a multiscale analytical framework. Section 1 identifies 
Joule heating-driven phase transitions and resistive drift/aging as core 

challenges through macroscopic electro-thermal-structural coupling. 
Section 2 introduces the collective relaxation model, challenging the 
conventional isolated defect paradigm by redefining resistive drift as a 
cooperative atomic process governed by systemic energy minimization. 
Section 3 reveals aging in amorphous GeTe toward an ideal glassy state, 
elucidating its structural evolution as a metastable intermediary be-
tween amorphous and crystalline phases. Section 4 describes the dual 
roles of β-relaxation—its competition with α-relaxation governs resistive 
drift reversal, while its coupling with the fragile-to-strong (F-S) transi-
tion unveils the cross-temperature regulation of phase stability in GeTe- 
GeSe composites via dynamic heterogeneity. Section 5 translates these 
insights into nanoscale engineering strategies for thermal-electronic 
decoupling and low-power operation. This review establishes a unified 
theoretical framework for PCM reliability and proposes a pathway for 
designing high-performance memory through controlled structural 
dynamics.

2. Dynamic interactions and performance challenges of PCMs

PCM technology utilizes the large difference in resistance between 
the crystalline and amorphous states of a material to enable data stor-
age. In the amorphous state, PCM exhibits high resistance, while in the 
crystalline state, the resistance is lowered by a factor of several thou-
sand, with high resistance representing a logic “0” and low resistance 
representing a logic “1”. This significant difference in resistance makes it 
easy to distinguish between the read currents in the two states.

Fig. 1 illustrates a typical PCM cell structure consisting of a bottom 
electrode, a layer of PCM, and a top electrode. Applying a voltage across 
these electrodes generates a current that flows through the PCM, causing 
Joule heating, which in turn changes the phase of the material. The SET 
process of the PCM consists of transforming the material from an 
amorphous state to a crystalline state using short, high-amplitude pul-
ses, while the RESET process consists of transforming the material from 
a crystalline state to an amorphous state using longer, lower amplitude 
pulses, which is manifested by the fact that the longer pulses and the 
lower amplitude pulses cause melting, followed by rapid quenching to 

Fig. 1. A diagram illustrating the interrelationship between electrical, thermal, and structural dynamics in PCM devices. The diagram also highlights the challenges 
faced by PCM within this system and outlines the corresponding optimization strategies.
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an amorphous state [27,28]. During this reversible transformation, the 
PCM is profoundly affected by the interplay of electrical, thermal, and 
structural dynamics as shown in Fig. 1 [29]. The electrical system con-
trols the power (IV) by applying voltage (V) and current (I), which 
directly affects the heating process of the material. The current through 
the PCM generates Joule heat, which significantly increases the tem-
perature (T) of the material and initiates phase transitions. The perfor-
mance of the electrical system affects the read/write speed of the PCM 
and the heating efficiency of the material and has a direct impact on the 
energy consumption. Efficient management of the electrical system en-
sures optimal power delivery to the material, which facilitates control of 
the precise temperatures required for phase transitions [29].

The thermal system receives power from the electrical system and 
regulates the temperature distribution of the material through heat 
transfer. Higher temperatures typically accelerate the phase change 
process, facilitating the transition of the material from an amorphous to 
a crystalline state, but may lead to a reduction in the long-term stability 
of the crystalline phase. Structural dynamics involves changes in the 
internal structure of a material under different temperature and time 
conditions. The thickness of the amorphous region (ua) and the relaxa-
tion state (Σ) are key parameters that determine the electrical resistance 
properties and phase transition efficiency of the material [16,30,31]. 
Over time, relaxation processes in the structural dynamics can lead to 
resistance drift and aging effects, posing challenges to the long-term 
stability of data storage. The effect of the electrical, thermal, and 
structural dynamic systems acting as an interacting dynamic process 
within a PCM device can impact its performance. The thermal system 
receives this energy and regulates the temperature of the material to 
ensure a stable phase transition. The structural dynamics adjust the 
thickness and relaxation state of the amorphous regions according to 
temperature and time, thus affecting the resistance [29]. These dynamic 
interactions ensure fast and stable switching between crystalline and 
amorphous states, leading to efficient storage.

Based on the understanding of these dynamic processes, we can 
identify the challenges facing current PCM technology. The phenome-
non of resistive drift, one of the main problems in PCM, is mainly related 
to structural relaxation within the material. Structural relaxation in-
volves a subtle rearrangement of the internal structure of the material, 
which allows the material to reach a more stable thermodynamic state; 
however, this small change in the local arrangement of the internal 
atoms affects the electronic band structure and hence the resistive 
properties of the material [32,33]. In addition, the crystallization pro-
cess of PCM is a thermally activated process involving the nucleation 
and growth of microcrystals in an amorphous matrix. These processes 
are controlled by kinetic parameters such as the nucleation rate of the 
material, the growth rate, and the thermal stability of the amorphous 
phase. The combination of these factors leads to the phenomena of 
resistance drift and aging in PCMs, which are key factors that must be 
considered when optimizing PCM performance.

3. Resistance drift issues in PCM

3.1. Mechanisms and modeling of resistance drift

Recent studies have revealed the complex physical processes behind 
resistance drift by linking it to changes in structural relaxation (SR) and 
conductive activation energy, providing an important framework for 
understanding the phenomenon of changes in electrical resistance 
values of PCMs during long-term use [34–37].

The core equation related to resistance drift is 

R(t)=R0

(
t
t0

)ν

(1) 

where R(t) is the resistance at time t, R0 is the initial resistance at the 
reference time t0, t is the elapsed time, t0 is the reference time, and v is 

the resistance drift exponent. This indicates that the resistance exhibits a 
power-law growth over time.

Additionally, the introduction of the Meyer-Neldel (MN) rule offers a 
powerful tool for analyzing the behavior of resistance drift, particularly 
through the equation of 

ν= ΔEC

ΔESR

TA

(

1 − TR
TC

)

TR

(

1 − TA
TSR

) (2) 

where ΔEC is the activation energy for the crystalline state, ΔESR is the 
activation energy for structural relaxation, TA is the annealing temper-
ature, TR is the reference temperature, usually room temperature, TC is 
the characteristic temperature of the crystalline state, TSR is the char-
acteristic temperature of structural relaxation [38]. From the formula, 
we can see that the main factors affecting the resistance drift index are 
temperature, the activation energy of the material, and the character-
istic temperature [39,40]. These factors work together to determine the 
change in the resistance drift index.

These equations not only reflect the time dependence of resistance 
drift but also highlight how internal physical processes—specifically 
changes in activation energy and temperature effects—influence resis-
tance drift behavior. Moreover, the impact of distortions within amor-
phous materials on resistance drift cannot be overlooked. Distortions, 
inherent to the amorphous state, indirectly affect resistance by influ-
encing the material’s local electronic states and transport properties [41,
42].

During the process of structural relaxation, internal distortions, and 
atomic arrangements undergo dynamic adjustments. These adjustments 
impact not only the conductive activation energy but also the activation 
energy of structural relaxation itself [34,35]. Thus, the interplay be-
tween distortions and structural relaxation becomes key to under-
standing and controlling resistance drift. By integrating the MN rule’s 
comprehensive interpretation of changes in activation energy and its 
entropy effects, we can achieve a more thorough understanding of the 
mechanisms of resistance drift in amorphous materials.

Based on our understanding of the mechanisms underlying resistive 
drift, we will further explore relaxation models of resistive drift and 
delve into how these models can help us understand and predict the 
behavior of resistive drift.

3.2. Collective relaxation and resistance drift in PCM

In amorphous GeTe, the phenomenon of resistance drift is closely 
related to the relaxation of the internal structure of the material. Spe-
cifically, this relaxation involves changes in specific defect structures 
composed of closely connected Ge atoms [41,43]. Among these defect 
structures, at least one Ge atom is coordinated differently from the ideal 
trivalent coordination (i.e., bonded only to Te atoms), as illustrated in 
Fig. 2a. The presence of these non-ideal coordination introduces local-
ized electronic states within the bandgap, which affect the electrical 
transport properties of the material [44]. Over time, these defect 
structures gradually transform into lower-energy configurations char-
acterized by chemically ordered trivalent topologies through a series of 
collective rearrangement events [43,45]. This process is accompanied 
by the elimination of stretched bonds within the amorphous network. 
These changes result in the annihilation of the localized electronic states 
in the bandgap, thereby increasing the resistance of the material. The 
resistance drift phenomenon in amorphous GeTe, driven by specific 
structural defects, underscores the role of these defects in causing the 
annihilation of localized electronic states in the bandgap through col-
lective rearrangement events, leading to an increase in resistance [37,
46,47]. This process reveals the complexity of relaxation dynamics in 
amorphous materials, particularly in phase-change memory devices.

In describing this complex relaxation behavior, traditional Gibbs and 
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collective relaxation models provide different explanations and pre-
dictions. The Gibbs model, based on the activation energy spectrum of 
defect states, assumes that defects in the glassy state relax according to 
the activation energy distribution. In this model, defect states relax 
independently over time, each following its relaxation process. While 
this model can describe relaxation behavior over certain time scales, it 
shows limitations when addressing the broad and flat activation energy 
spectrum observed in amorphous GeTe [49,50]. In contrast, the collec-
tive relaxation model focuses on the rearrangement processes of the 
overall structure. This model hypothesizes that atoms or molecules 
within the material evolve towards lower energy states through collec-
tive rearrangement events [37,50]. In the collective relaxation model, 
the driving force for relaxation is provided by the energy difference (Δb) 
between two adjacent non-relaxed states [37]. This implies that as the 
system approaches its ideal glassy state, each relaxation step faces a 
higher energy barrier (Eb). Since the system’s energy is already at a low 
level, further reducing it becomes increasingly challenging. The relax-
ation event rates for the equilibrium state n-direction and the 
non-equilibrium n + direction are given by 

dΣ
dt

=ΔΣ(n+ − n− ) (3) 

Σ represents the system’s current state’s distance or discrepancy 
from the ideal glassy state, which can be understood as a measure of the 
system’s non-equilibrium level or the degree of relaxation. If each 
relaxation event changes Σ by a quantity ΔΣ, then the relationships can 
be derived as 

n− = ν0 exp
(

−
Eb

kBT

)

(4) 

n+ = ν0 exp
(

−
Eb + Δb

kBT

)

(5) 

where ν0 is the attempt frequency for relaxation, and Eb is the energy 
barrier for subsequent relaxation events [37]. Initially, when the 

amorphous state is formed, the system is in a non-equilibrium state far 
from the ideal glassy state, defined as Σ(0) = Σ0, the initial level of 
non-equilibrium. As time progresses, the system undergoes a series of 
relaxation events that gradually reduce the non-equilibrium level, i.e., 
the Σ value decreases, and the system relaxes towards the ideal glassy 
state. During this process, Eb changes as the state of the system changes.

As shown in Fig. 2b, when the system approaches the ideal glassy 
state (i.e., Σ→0), suggesting that the system is close to equilibrium, Eb 
increases to the maximum value (Es). When the system reaches equi-
librium (Σ = 0), the driving force (Δb) becomes zero, indicating that no 
extra energy discrepancy is available to drive further relaxation. In this 
model, a linear relationship exists between Eb and Σ, which is the basis 
for deriving the logarithmic time dependency of the relaxation behavior 
at a constant temperature. Accordingly, the evolution expressions for Σ 
at constant temperature are given by 

Σ(t)= −
kBT
Es

log
(

t + τ0

τ1

)

(6) 

τ1 =

(
kBT

ν0ΔΣEs

)

e

(
Es

kBT

)

(7) 

τ0 = τ1e

(

−
Σ0Es
kBT

)

(8) 

where τ0 can be interpreted as the latency period for the transition to 
logarithmic decay and τ1 is the time to reach equilibrium (Σ→0). 
Equation (6) clearly shows that the internal stresses in the material 
decrease with time after logarithmic decay [37]. This relaxation is 
influenced by the temperature (kBT) and relaxation energy barrier (Es), 
highlighting the thermally activated nature of the process. Parameters 
τ0 and τ1 adjust the timing and rate of this relaxation, respectively.

The collective relaxation model is widely used to simulate the 
relaxation behavior of various amorphous materials, including the 
temporal evolution of the threshold voltage (ΔVth) [48]. Comparisons in 

Fig. 2. (a). Structural relaxation of amorphous GeTe[43]. [][43][](b). The unstable amorphous state from melt-quenching relaxes to a more stable configuration 
[43]. Panels (a) and (b) are adapted with permission from Ref. 140, Wiley-VCH. (c). Model fitting - Cooperative relaxation model: Collective fitting of the time 
evolution of GST Vth at different temperatures [48]. (d). Model fitting - Gibbs model: The time evolution of GST threshold voltage fitted to the Gibbs model with three 
different shapes of activation energy spectra [48].Panels (c) and (d) are adapted with permission from Ref. 144, Wiley-VCH. (e) Details the temperature distribution 
of PCM chips from array-level drift experiments at varying environmental temperatures [37]. (f) Presents the cumulative resistance distributions in four instances, 
with experimental data shown as dashed lines and simulations as solid lines [37]. Reproduced with permission.
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Fig. 2c and d reveal that the collective relaxation model can accurately 
fit the temporal changes in the threshold voltage at all temperatures 
(100 K, 150 K, 200 K, 250 K, 300 K), demonstrating good temperature 
dependence without requiring complex assumptions about defect dis-
tributions [48]. In contrast, while the Gibbs model offers flexibility, it 
requires numerous assumptions, increasing complexity. Fig. 2c illus-
trates that the collective relaxation model effectively captures the log-
arithmic increase of threshold voltage over time, whereas Fig. 2d 
highlights that the Gibbs model requires assumptions about different 
defect energy distributions, leading to suboptimal fitting performance.

In practical applications, resistance drift affects the reliability of 
multi-level data storage in PCM devices. By simulating 1000 devices and 
measuring 4000 PCM cells, the study shows that the simulated resis-
tance distribution closely matches the experimental data (Fig. 2e). 
Furthermore, the model successfully captures key features of resistance 
drift, such as accelerated drift rates and the widening of resistance dis-
tributions (Fig. 2f). These findings validate the model’s accuracy in 
predicting resistance drift behavior in PCM devices [48].

4. Aging effects on resistive drift in amorphous GeTe

4.1. Structural evolution in aging GeTe

In amorphous GeTe, the aging process leads to significant changes in 
the ratio of isopolar Ge-Ge bonds and tetrahedrally coordinated Ge 
(GeT), which is manifested in the gradual evolution of the material to-
wards a more ordered and lower energy structure (Fig. 3a). This evo-
lution has multiple effects on the physical properties of the materials 
[51–55]. The aging-induced changes were systematically characterized 

through photothermal deflection spectroscopy (PDS) and impedance 
spectroscopy measurements. The results of the PDS show that the band 
gap of amorphous GeTe significantly increases during the aging process 
(Fig. 3b), which helps to enhance the material’s optoelectronic perfor-
mance. The increase in band gap means that it is more difficult for the 
material to excite a charge, thus improving the stability of the material 
to some extent, which is important for the application of GeTe in 
high-stability optical storage. Meanwhile, the impedance spectroscopy 
results show that the resistivity of amorphous GeTe increases about five 
times compared to that before aging, leading to a significant decrease in 
the electrical conductivity of the material (Fig. 3c). This increase in 
resistivity is mainly due to the decrease in the number of free carriers 
caused by the breakage of homopolar Ge-Ge bonds and the gradual 
transformation of tetrahedral GeT atoms into trihedral Ge(GeIII) atoms 
[39]. In addition, the reduction of tetrahedral GeT atoms also disrupts 
the conductive paths in the material, which further reduces the overall 
electrical conductivity. During the aging of amorphous GeTe, a signifi-
cant increase in the Peierls distortion is also observed [53,39,56,57]. As 
aging progresses, the tetrahedrally coordinated GeT atoms gradually 
decrease and shift to the trihedrally coordinated GeIII. This process 
makes the local chemical environment of the Ge atoms more asymmetric 
and reduces the coordination number of Ge, which in turn reduces the 
local atomic stress and makes the atoms more susceptible to rear-
rangement. This change in coordination number leads to an uneven 
distribution of bond lengths and the gradual formation of alternating 
long and short bond structures, i.e. the Peierls twist [53,58].

Simultaneously, the Te atoms gradually change from twice- 
coordinated (TeII) to thrice-coordinated (TeIII). This change further ex-
acerbates the inhomogeneity of the local structure of the material, 

Fig. 3. (a) Different atomic configurations of amorphous GeTe during aging Te, tetrahedral Ge, and defective octahedral Ge atoms are presented as blue, red, and 
orange spheres, respectively [53]. (b) Relationship between the optical band gap of relaxed amorphous GeTe and the fraction of tetrahedral Ge atoms (GeT) in the 
structure. The reduction in the number of tetrahedrally coordinated germanium atoms leads to an increase in the optical bandgap [53]. (c) Resistivity of deposited 
amorphous GeTe [53]. (d). ALTBC diagram of GeH and GeIII [53]. Panels (a)–(d) are reproduced with permission. Copyright 2015, Springer Nature Limited. (e) The 
crystallization mechanism of GeTe [59]. Reproduced under terms of the CC-BY license. Copyright 2024, Simon Wintersteller, published by Springer Nature Limited. 
(For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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leading to a more distorted lattice. Thus, the overall structure of the 
material evolves towards a more distorted and ordered state. Fig. 3d 
shows the bond-length distributions of GeH and GeIII. As aging proceeds, 
it can be seen that the high-energy defect states of the GeH motifs 
gradually decrease, whereas the trihedrally coordinated GeIII becomes 
more prominent in the aged glassy state, with the appearance of two 
distinct peaks of long and short bonds. These distributions indicate that 
intensification of the Peierls twist occurs during aging, indicating that 
the material is gradually transitioning from a high-energy disordered 
state to a low-energy ordered state. In addition, this structural rear-
rangement process is accompanied by the gradual disappearance of 
high-energy defect states (e.g., GeH), resulting in the formation of more 
stable GeIII and TeIII coordination structures, which further strengthens 
the Peierls torsion network and leads to an increase in the band gap of 
the material [53,60–62]. However, the details of how this increased 
Peierls twisting affects the resistivity and the conductivity mechanism 
still need to be revealed by further studies.

4.2. The role of the ideal glassy state in aging GeTe

A recent study on the role of the ideal glassy state in the aging process 
of GeTe presents a new perspective in aging studies. The ideal glassy 
state is a state between a completely disordered amorphous state and a 
completely ordered crystalline state (Fig. 3e), which is characterized by 
partial ordering, but not to the extent of complete crystallization [52,
59]. It has been shown that the existence of an ideal glassy state helps to 
maintain the stable structure of GeTe during the aging process of GeTe 
and reduces the drastic phase transition, thus delaying the resistance 
drift and improving the aging resistance of the material [52,59].

In amorphous GeTe, the Ge chains are formed by Ge-Ge homopolar 
and Ge-Te coordination bonds, forming a complex disordered network. 
The Ge atoms have a variable number of coordinations in the chains, 
usually triple or quadruple-coordinated, depending on their specific 
positions in the chains [45,52,40,59,63]. Quadruple-coordinated Ge 
atoms, which are usually connected to one Ge atom and three Te atoms, 
are located at the junctions or less branching regions of the chain. 
Triple-coordinated Ge atoms, on the other hand, may be fully coordi-
nated to Te atoms or coordinated to one Ge and two Te atoms, and these 
Ge atoms are commonly found at the ends or turning points of chains 
with a structure similar to that of the chains of unsaturated hydrocar-
bons in organic chemistry.

Te atoms play a key bridging role in these chains, and are usually 
present in a doubly coordinated form, connecting neighboring Ge atoms 
to form stable Ge-Te-Ge bridge states. This bridge state structure is 
important for reducing atomic stresses within the material, as it provides 
a mechanism to stabilize the Ge chains by reducing local in-
homogeneities. These Te bridges help maintain the integrity of the Ge 
chains during aging or transition to a more ordered state of the material, 
preventing excessive chain breakage and facilitating a smooth transition 
from disorder to order. During the aging process, the partial disorder of 
Te atoms is gradually transformed into a more ordered Te sublattice. 
This ordering process provides the material with a more stable low- 
energy structure, which supports the gradual breakage and re- 
coordination of the Ge chains. With the gradual ordering of the Te 
sublattice, the local environment of the material tends to stabilize, 
prompting the Ge chains, which were originally connected by Ge-Ge 
homopolar bonds, to start breaking. The formation of Te-Ge-Te bridge 
states during this breaking process provides new coordination oppor-
tunities for Ge atoms, which promotes the rearrangement of atoms 
within the material and leads to a gradual transition to an ideal glassy 
state, which may eventually evolve into a more stable crystalline 
structure.

This ideal glassy state acts as a buffer state during the aging process, 
effectively mitigating the internal stresses due to structural rearrange-
ment, to maintain stability and avoid drastic phase transitions, thus 
improving the aging resistance. This structural preordering and 

rearrangement guided by the Te sublattice is a key intermediate step in 
the amorphous-to-crystalline transition, ensuring the functional reli-
ability and fast response of phase-transformed materials. In nano-
particles, the presence of an ideal glassy state is more pronounced. This 
is because, at the nanoscale, the material structure is affected by surface 
effects and size constraints, resulting in a slower and more stable for-
mation of Ge chains and Te sublattices. The behavior of Te sublattices 
and Ge chains in nanoparticles results in the presence of an ideal glassy 
state for a longer period, which further improves the material’s aging 
resistance. This gradual evolution of nanoparticles is more pronounced 
compared to bulk materials, effectively mitigating the increase in re-
sistivity during aging and enhancing the stability of data storage [59,
64–66]. On this basis, it is reasonable to assume that the intensification 
of Peierls distortion may be linked to the preordering of the Te sub-
lattice. The Peierls distortion manifests itself as an alternating change in 
the bond lengths in the material, which may be exacerbated by the 
reordering of Ge atoms during the partial ordering of the Te sublattice, 
thus further affecting the electrical conductivity and the overall stability 
of the material. The gradual evolution toward the ideal glassy state, 
mediated by Te sublattice preordering and Ge chain reorganization, 
establishes a structural foundation for mitigating aging-induced re-
sistivity drift. This metastable intermediate phase acts as a kinetic buffer 
that redistributes atomic stress during structural relaxation, enabling 
gradual rather than abrupt property changes. Crucially, the 
nanoconfinement-induced persistence of this state highlights its critical 
role in designing aging-resistant PCM materials through controlled 
structural dynamics.

5. Crystallization kinetics in PCM

In PCM, analyzing the three critical temperatures—Tg, Tc, and 
Tm—helps to understand the complexity of crystallization dynamics 
[67]. limitations of conventional methods such as dielectric spectros-
copy and dynamic mechanical analysis. Tc represents the temperature at 
which the material begins to crystallize, influenced by nucleation and 
growth mechanisms, as well as the stability of the crystal structure. Tm 
defines the temperature at which the material transitions from solid to 
liquid, determined by interatomic bonding strength and crystal struc-
ture. Tg is linked to the dynamics of the supercooled liquid, revealing the 
unique behavior in this temperature range. In the study of supercooled 
liquid dynamics, β-relaxation and the fragility-strength (F-S) relation-
ship are key aspects. β-relaxation reflects the local dynamic behavior of 
materials near Tg, impacting crystallization, stability, and physical 
properties. The F-S relationship describes the changes in the viscosity 
and fragility of materials near Tg, influencing the crystallization 
behavior and overall performance. In the next section, we will explore 
the behavior of β-relaxation in PCM and its connection to the F-S 
relationship.

5.1. β-relaxation

Although β-relaxation in the PCM has been demonstrated, accurate 
measurement remains challenging due to the limitations of conventional 
methods such as dielectric spectroscopy and dynamic mechanical 
analysis. The temperature-dependent loss modulus (E″) of GeTe (Fig. 4a 
and b) clearly shows β-relaxation. Fig. 4c shows that at high tempera-
tures, α- and β-relaxation occur at similar time scales, suggesting that the 
atoms are moving in concert. As the temperature approaches the glass 
transition temperature (Tg), α-relaxation slows down and becomes 
viscous, whereas β-relaxation maintains faster-localized motions, 
allowing structural adjustments to be made even as large-scale atomic 
motions slow down [59]. This is consistent with the anomalous re-
sistivity behavior seen in the Ge3Sb6Te5 annealing experiments 
(Fig. 4d), where the annealing process usually induces a resistive drift 
leading to a gradual increase in resistivity. However, a reversal of the 
resistivity drift was initially observed in the annealing experiments at 
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160 ◦C, where the resistivity decreased, but then stopped decreasing and 
instead increased to a higher value than before the reversal. This 
inversion phenomenon is thought to be related to the inherent “cross-
over effect” in glasses, which arises from the dynamic competition be-
tween α- and β-relaxation when their characteristic time scales approach 
each other near the glass transition regime. For example, the “rejuve-
nation” effect in the fast relaxation region is similar to the local tuning of 

the β-relaxation, while the slow relaxation region may be related to the 
global rearrangement of the α-relaxation. This crossover effect reflects 
the dynamic synergy between β-relaxation and α-relaxation, and the 
annealing process may have suppressed the local rearrangement of 
β-relaxation and further affected α-relaxation, which triggered the 
reversal of resistivity drift and its subsequent behavior [68–70]. Over 
time, the resistivity stabilizes, showing that these dynamic processes 

Fig. 4. (a) Diagram of the experimental setup for powder mechanical spectroscopy [73]. (b) Loss modulus E″ of GeTe, with the shaded area representing the excess 
wing [73]. (c) illustrates the behavior of α-relaxation and β-relaxation in PCM and non-PCM covalent glasses [73]. Panels (a) ~ (c)Reproduced with permission. 
Copyright 2020, AAAS. (d) Resistivity drift of Ge3Sb6Te5 during isothermal holding at 160 ◦C [68]. Reproduced with permission. Copyright 2022, Wiley-VCH.

Fig. 5. (a). Comparison of the excess wing area ratio between PCM (blue) and non-PCM (orange) [73]. Panel (a) is reproduced with permission. Copyright 2020, 
AAAS. (b) Normalized loss modulus E″ of Ge15Sb85 annealed at 458 K for 3 and 6 h, showing β-relaxation, measured by powder mechanical spectroscopy [71]. (c) 
Crystallization probability as a function of pulse duration at ~40 mW constant power [71]. (d) Kissinger plots for crystallization of Ge15Sb85, annealed for 3 and 6 h, 
using DSC and flash DSC at different heating rates [71]. (e) S(q) spectra during isothermal annealing at ~458 K for 6 h [71]. (f) Dielectric function of as-deposited 
and annealed Ge15Sb85 thin films [71]. Panels (b) ~ (f) are reproduced under the terms of the CC-BY license. Copyright 2022, Yudong Cheng, published by Springer 
Nature Limited. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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eventually reach a new equilibrium state. These interactions have a 
significant impact on the performance and efficiency of PCM materials, 
especially in terms of improving data retention and optimizing the 
reliability of write/erase cycles. Non-PCM materials such as GeSe show 
significant differences in β-relaxation compared to phase change storage 
materials. For example, GeSe shows very weak β-relaxation (Fig. 5a), 
which leads to less efficient local atomic motions, thus slowing down the 
crystallization kinetics and affecting the material’s performance during 
the phase transition. In contrast, PCM materials such as Ge15Sb85 exhibit 
different properties during thermal annealing. In Ge15Sb85, β-relaxation 
was significantly suppressed after thermal annealing, especially after 6 h 
of annealing, and the excess wing area was significantly smaller than 
that after 3 h of annealing (Fig. 5b). Although thermal annealing usually 
promotes crystallization, in this sample, Tp increased while the crys-
tallization rate slowed down (Fig. 5c and d), suggesting that thermal 
annealing may affect the crystallization kinetics by inhibiting β-relaxa-
tion. In situ monitoring showed that after 6 h of annealing, the Ge15Sb85 
sample remained amorphous but with an increase in local structural 
order (Fig. 5e), which may be related to the enhancement of Peierls 
torsion. The Fourier transform infrared spectroscopy (FTIR) results show 
that the imaginary part of the dielectric constant decreases significantly 
after annealing (Fig. 5f), indicating that the local p-bonding structural 
distortion increases, which supports the Peierls distortion enhancement 
[46,71,72]. Although annealing can suppress β-relaxation, β-relaxation 
is not completely suppressed due to microstructural inhomogeneity and 
local atomic activation.

5.2. The relationship between β-relaxation and fragility-strength 
transition

Early studies have found that water under high pressure undergoes a 
liquid-liquid transition, i.e., a transition between low-density liquid 
water (LDL) and high-density liquid water (HDL) [74,75]. Similar 
transitions have been observed in some organic liquids and PCMs, which 

indicate significant changes in structure and viscosity under different 
conditions.

The temperature dependence of viscosity is usually described by the 
Arrhenius equation, which shows stable applicability in materials such 
as silica and germanium dioxide GeO2. However, near the glass transi-
tion temperature, some liquids exhibit non-Arrhenius behavior, and 
liquids can be classified as strong or brittle based on the degree to which 
the viscosity deviates from the equation [76,77]. While the 
fragile-to-strong (F-S) behavior of metallic glasses has been intensively 
studied, PCMs face more challenges due to the complex structural and 
energetic changes during the phase transition, where both the rate and 
stability of the phase transition are affected by the F-S behavior [78–80].

In the (GeTe)x(GeSe)100-x system, researchers explored the relation-
ship between the F-S transition and β-relaxation by adjusting the ratio of 
fast-crystallizing, brittle GeTe to thermally stable, strong GeSe. Despite 
β-relaxation properties [78], GeTe alone does not exhibit F-S transition 
behavior. However, when the GeTe content decreases below 85 %, the 
brittleness change (f) is consistent with the Wex change, especially the 
positive correlation between F-S and β-relaxation at GeTe contents be-
tween 40 % and 70 % (Fig. 6c and d), where (GeTe)58(GeSe)42 exhibits a 
clear F-S transition, and Raman spectra show that a plateau exists in this 
range, suggesting that the GeTe content has a high F-S transition 
behavior (Fig. 6a). The presence of a plateau suggests a strong structural 
competition between GeTe and GeSe (Fig. 6b), and this apparent tran-
sition is driven by the dynamic heterogeneity of the amorphous struc-
ture, in which the restricted motion of GeSe and the activated motion of 
GeTe decouple the β and α-relaxations above Tg (Fig. 6e). This decou-
pling affects the viscosity and creates distinct F-S dynamic properties 
[78].

Although there is no direct evidence for a relationship between 
Peierls twist and F-S, previous studies have linked Peierls twist to 
β-relaxation. Brittle GeTe and strong GeSe provide an opportunity to 
explore this potential relationship. Although traditional PCMs (e.g., 
GeTe, AIST, and GST) do not show a direct link between β-relaxation, 

Fig. 6. (a) Viscosity and viscosity activation energy variation for the (GeTe)58(GeSe)42 mixture with higher GeTe content (58 %) [78]. (b) Structural ratio of GeTe 
and GeSe in (GeTe)x(GeSe)100-x films [78].(c) Relationship between GeTe content and the F-S magnitude f (left vertical axis) and the excess wing ratio Wex (right 
vertical axis) in (GeTe)x(GeSe)100-x films [78]. Panels (a) ~ (c) are reproduced with permission Copyright 2023, Elsevier. (d) The change in excess wing ratio with 
increasing GeSe content [73]. Reproduced with permission, Copyright 2020, AAAS. (e) The relation between F-S transition and β-relaxation. [78]Reproduced with 
permission. Copyright 2023, Elsevier.
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and F-S, combining phase change materials with non-PCMs opens new 
avenues of investigation and has the potential to reveal hidden corre-
lations between different materials.

6. Optimization strategies for PCM

Multiple optimization methods have been developed to improve the 
performance of PCMs. Improvements in programming algorithms, 
including precise current control and timing techniques, reduce energy 
consumption during write and erase processes while increasing speed 
and reliability. Advanced thermal management technologies use ther-
mal isolation materials to enhance efficiency [81,82]. Additionally, 3D 
integration technology boosts storage density through vertical stacking 
of units, optimizing space utilization and reducing energy consumption 
[83].

Enhancing PCM performance requires a multi-scale approach, inte-
grating nanostructure design and chemical composition tuning to 
regulate atomic dynamics and energy transport. Nanostructure design-
—including nanoscale confinement, heterostructures, and super-
lattices—progressively enhances phase stability by limiting atomic 
diffusion, optimizing interface effects, and leveraging quantum 
confinement. These strategies not only address distinct kinetic chal-
lenges but also exhibit synergistic effects, such as heterointerfaces 
reinforcing superlattice stability.

Chemical tuning (e.g., doping) modifies defect states and phase- 
transition kinetics by adjusting electronic structures and bonding char-
acteristics. The dual approach of physical confinement and chemical 
regulation ensures structural stability while optimizing electrical and 
thermal properties. This framework translates theoretical insights into 
practical design strategies, providing a pathway for high-density, low- 
power PCM devices.

6.1. Nanostructure design

6.1.1. Nano-confinement
In studies of ultrathin antimony films, researchers reduced the 

thickness of the films to approximately 5 nm to obtain a stable amor-
phous antimony phase [84]. Tc increased with decreasing film thickness, 
as did the crystallization activation energy (Ea), indicating that the 
amorphous phase was more thermally stable. All three amorphous 
antimony films transitioned rapidly to the crystalline phase when Tc was 
reached, as evidenced by a sharp decrease in the resistance of the thin 
layer (Fig. 7c) [84]. By conducting aging experiments on amorphous 
antimony films of different thicknesses, it was found that the 3 nm and 4 
nm thick films remained amorphous for a longer period and showed 
stronger resistance to recrystallization, whereas the 5 nm thick films 
were more prone to crystallization. This suggests that thinner antimony 
films have better structural stability (Fig. 7e). However, thinner films 
(especially 3 nm antimony films) exhibit more pronounced resistance 
drift [84]. It was shown that deeply annealed antimony film samples and 
rapidly quenched devices exhibit ultra-low drift performance, whereas 
sputter-deposited films exhibit higher drift indices during the initial ~2 
h aging phase. On the one hand, this difference may be due to the 
different initial microstructures of the two types of amorphous anti-
mony, leading to different subsequent relaxation paths. To investigate 
this phenomenon, the researchers simulated amorphous antimony films 
in two different states, representing the less-equilibrium (LE) and 
more-equilibrium (ME) structures, respectively, by molecular dynamics 
(Fig. 7a and b), and found that there are differences in their relaxation 
behaviors and drift properties after annealing [84]. The LE state exhibits 
a stronger electronic localization, especially at the Sb/SiO2 interface, 
which strengthens covalent bonding, stabilizes the disordered structure, 
and prevents self-ordering. The disordered structure prevents sponta-
neous recrystallization. On the other hand, thinner antimony films 

Fig. 7. (a) Amorphous LE model in silica glass after annealing at 300 K for 87 ps, showing the average ELF value along the Sb layer’s thickness [85]. (b) Amorphous 
ME model and average ELF value along the Sb thickness [85]. (c) Temperature dependence of sheet resistance for Sb films (3, 4, and 5 nm) encapsulated by SiO2 [85]. 
(d) 10-year data retention of thin Sb samples [85]. (e) Sheet resistance over time for as-sputtered Sb samples at room temperature [85]. Panels (a) ~ (e) are 
reproduced under terms of the CC-BY license, Copyright 2023, Bin Chen, published by Wiley-VCH. (f) The resistance measurements for PCM arrays with GeTe layers 
of 3, 10, and 100 nm thickness over time at 85 ◦C [86]. Reproduced with permission. Copyright 2020, AIP.
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exhibit higher initial resistances and faster phase transitions due to more 
pronounced interfacial effects and Peierls distortions [84]. These dif-
ferences explain why the performance of different antimony films in 
terms of resistance drift can vary.

Upon comparing the ultrathin antimony films, we found that the 
GeTe nanoscale films also exhibit significant physical property changes 
as the thickness is reduced to the nanoscale. Notably, the thermal sta-
bility and resistive drift properties of GeTe films in the amorphous state 
improve significantly with film thickness reduction. The slower transi-
tion of GeTe to the crystalline phase upon reaching its crystallization 
temperature compared to antimony thin films is mainly attributed to the 
higher local ordering and stability provided by the added tetrahedral 
structures in GeTe, which effectively retard the crystallization process 
and allow GeTe to remain amorphous over a wider temperature range. 
In terms of resistive drift, GeTe ultrathin films exhibit extremely small 
resistive drift, which is closely related to the stability and orderliness of 
their internal structure [86]. In GeTe ultrathin films, the highly ordered 
tetrahedral structure helps to reduce the localization of electrons, which 
not only suppresses the extent of resistive drift but also enhances the 
thermal stability of the material [86]. The stability and order of this 
structure provide better resistive stability, and GeTe exhibits lower 
performance degradation in sustained use compared to antimony films.

Upon comparing single-atom Sb and GeTe ultrathin films in PCM 
devices, it can be seen that there is a significant difference in perfor-
mance between the two materials. The monatomic Sb ultrathin film does 
not contain the element Te, so it is likely to be more stable in the 

amorphous phase, which may cause fewer conductivity disturbances in 
GeTe through the formation of valence alternating pairs (VAPs) [86]. 
This difference means that resistance drift and aging phenomena may be 
lower in amorphous Sb, which can improve the reliability and stability 
of the PCM. GeTe ultrathin films, on the other hand, despite exhibiting 
excellent thermal stability and low resistive drift at nanoscale thick-
nesses, their complex chemical structure-especially the presence of 
Te-may lead to the risk of conductivity disturbances in long-term ap-
plications, as evidenced by the ease with which lone pairs of electrons in 
the chain of Te atoms can form localized charged defect states. The role 
of these defect states in the conductance can change over time, poten-
tially affecting the material’s performance.

These differences highlight the influence of a material’s internal 
structure on its electronic performance at the nanoscale and emphasize 
the need to consider film thickness, internal structural ordering, and the 
microstructural properties of the material when designing next- 
generation, high-performance amorphous phase memory devices. 
Through a deeper understanding and exploitation of these factors, the 
performance of PCM devices can be further optimized to meet the de-
mands of more demanding applications.

6.1.2. Heterostructure
Recently, researchers optimized the performance of PCM devices by 

designing mushroom-shaped programming regions and a multilayer 
phase change heterostructure (PCH) (Fig. 8a and b). The structure 
consists of alternating nanoscale-constrained material (CM) layers and 

Fig. 8. (a) and (b) Schematic representations of PCM and PCH cells [44]. (c) PCH devices show stable resistance levels in both RESET and SET states, unlike GST 
devices [44]. (d) Relationship between SET speed and voltage bias for PCH and GST devices of the same geometry [44]. (e) AIMD simulation of the TiTe2/Sb2Te3 PCH 
model at high temperatures, with Ti, Sb, and Te atoms represented as red, yellow, and blue spheres, respectively [44]. Panels (a) ~ (e) are reproduced with 
permission Copyright 2019, AAAS. (f) Structural diagram of Sb2Te3/GeTe superlattices (SLs) [87]. (g) In-plane thermal conductivity of 60 nm thick Sb2Te3/GeTe SL 
films at room temperature, varying with period size and thickness ratio [87]. Panels (f) and (g) are reproduced under the terms of the CC-BY license. Copyright 2021, 
Heungdong Kwon, published by ACS. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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phase change material (PCM) layers, with TiTe2 as the CM and Sb2Te3 as 
the PCM, with layer thicknesses of about 3 nm and 5 nm, respectively. 
The cycle life of PCH devices is improved by several orders of magnitude 
compared to conventional GST devices (Fig. 8c), which is attributed to 
the effective design of the confinement layer that limits atomic migra-
tion and reduces compositional and structural variations, resulting in 
improved data storage accuracy [44].

The TiTe2 layer acts as a robust separator layer that not only isolates 
the neighboring Sb2Te3 sublayers but also inhibits chemical interactions 
between them and ensures structural stability during high-temperature 
crystallization. The layer also serves as a thermal barrier to concen-
trate thermal energy and reduce energy consumption, and its excellent 
electrical conductivity promotes a more uniform current transfer be-
tween the Sb2Te3 sublayers, which improves the device performance 
and reliability. The TiTe2 layer significantly improves the crystallization 
rate of the Sb2Te3 (Fig. 8d), which may stem from the interfacial in-
teractions to provide additional nucleation sites and accelerate the 
crystallization process. In addition, the PCH structure effectively re-
duces the resistive drift, and the lack of Ge and tetrahedral defects in the 
amorphous Sb2Te3 eliminates the driving force for structural relaxation. 
The TiTe2 layer significantly slows down the diffusion of Sb and Te 
atoms and maintains a good atomic arrangement (Fig. 8e). A recent 
study has shown that different confining material layers (CM layers) 
have a significant effect on the performance of PCM devices with phase 
change heterostructure (PCH). Such as NiTe2 and MoTe2, two different 
CM layers, these new materials exhibit their unique advantages and 
limitations compared to the conventional TiTe2 [88].

TiTe2 can maintain structural stability during high-temperature 
crystallization due to its high thermal stability and good chemical sta-
bility, which is crucial for long-term data storage reliability. In contrast, 
NiTe2’s high conductivity allows it to realize phase transition at lower 
voltages, showing potential in low-power operation, however, this may 
also lead to thermal buildup at high current densities, which can affect 
the long-term stability of the device [89]. MoTe2, on the other hand, 
shows high thermal stability thanks to its high melting point and 
excellent thermal barrier effect, which allows it to sustain its perfor-
mance over long periods and at high temperatures and is less susceptible 
to thermal degradation. In addition, the robust atomic structure of 
MoTe2 effectively limits atomic migration during high-temperature 
operation, thereby enhancing device durability and stability [89]. The 
chemical stability and interfacial compatibility of each material also 
play a decisive role in the performance of the CM layer. Good compat-
ibility reduces chemical reactions at the interface, keeps the interface 
clear, and improves the response speed and repeatability of the device. 
Combining these properties, MoTe2 shows better performance, espe-
cially in applications requiring high stability and long-term reliability, 
while NiTe2 is suitable for specific applications due to its fast switching 
and low energy consumption [89]. And TiTe2’s stability and durability 
make it ideal for long-term and high-reliability storage applications 
[89].

6.1.3. Superlattices
Superlattices, such as Sb2Te3/GeTe multilayers (Fig. 8f), transcend 

conventional heterostructures by integrating periodic interfaces to 
manipulate thermal and electronic properties at the quantum level. In 
these architectures, thermal conductivity is modulated by interface 
density and layer thickness. Increasing the Sb2Te3/GeTe thickness ratio 
(e.g., 4:1) enhances interfacial phonon scattering, reducing in-plane 
thermal conductivity by 40 % (Fig. 8g). This reduction arises from the 
mismatch in vibrational modes between Sb2Te3’s layered structure and 
GeTe’s tetrahedral order, which disrupts phonon propagation. Concur-
rently, ultrathin superlattice layers (<2 nm) minimize electron scat-
tering, achieving vertical resistivity values as low as one-fifth of bulk 
materials [90]. The tetrahedral order in GeTe layers and the layered 
structure of Sb2Te3 collaboratively suppress electron localization in the 
amorphous phase, mitigating resistance drift while lowering operational 

energy consumption.
The quantum confinement effects in superlattices further enhance 

performance. For instance, in Sb2Te3/GeTe superlattices, the confine-
ment of charge carriers within GeTe layers alters the band structure, 
reducing the density of mid-gap states that contribute to resistance drift. 
This effect is amplified in thinner layers, where quantum confinement 
dominates over bulk-like behavior. However, practical challenges such 
as atomic layer intermixing and stacking faults during fabrication de-
mand atomic-level precision. Techniques like atomic layer deposition 
(ALD) enable the synthesis of near-perfect interfaces, but defects such as 
Te vacancies or Sb-Ge antisite defects can still degrade performance. 
Recent advances in in-situ TEM characterization have provided insights 
into interface dynamics, revealing that interfacial strain fields in 
superlattices can stabilize metastable phases and delay crystallization 
[91].

By harmonizing nanoconfinement and interfacial engineering, 
superlattices exemplify the pinnacle of hierarchical design—where 
static confinement and dynamic quantum effects coalesce to decouple 
thermal and electrical transport. For example, in a GeTe/Sb2Te3 super-
lattice, the GeTe layers act as quantum wells for electrons, while the 
Sb2Te3 layers serve as phonon-blocking barriers. This decoupling en-
ables independent optimization of thermal and electrical properties, a 
feat unattainable in homogeneous materials.

6.2. Defect engineering

Defect engineering involves the deliberate introduction, manipula-
tion, and control of atomic-level defects in the crystalline or amorphous 
structure of a material [92]. These defects may include vacancies, gaps, 
and substituted atoms, which affect the electronic, thermal, and struc-
tural properties of the material. By managing these defects, researchers 
can tailor phase transition properties, improve thermal conductivity, 
and modulate the energy barriers of switches, leading to more efficient 
and reliable PCM devices.

Recent studies have shown that the properties of PCMs are signifi-
cantly improved by doping GeTe nanowires with Bi to modulate the 
defects. TEM images show that the pristine GeTe nanowires are almost 
defect-free, whereas GBT8 nanowires doped with 8 % Bi are significantly 
disordered (Fig. 9a and b). The increase in the concentration of Bi leads 
to a widening of the lattice spacing, which is accompanied by an in-
crease in the lattice strain, which not only induces a structural disorder 
but also affects the phase-transition behavior of the material. This strain 
not only causes structural disorder but also affects the phase transition 
behavior and electron transport properties of the material. The bismuth- 
doped samples show higher resistivity at low temperatures, indicating 
an enhanced carrier localization effect, which lowers the energy barrier 
for the transition from the crystalline to the amorphous state and im-
proves the energy conversion efficiency of the phase transition process 
(Fig. 9c). The GBT8 nanowire device reaches an intermediate resistive 
state at ~0.9 V and a highly resistive RESET state at ~1.2 V (Fig. 9d and 
e). By controlling the electrical pulse parameters, different degrees of 
defect accumulation can be achieved, resulting in various stable resistive 
states (Fig. 9f). This sequential switching (from the SET state to the in-
termediate state to the RESET state) demonstrates a key advantage over 
quenched systems, where the state transitions are more difficult to 
precisely control and often require the entire system to return to the 
ground state to reach the desired state.

In addition to doping to introduce defects, ion irradiation, and ion 
implantation are commonly used methods. High-energy helium ion 
irradiation creates defects in GeTe nanowires, strengthening carrier- 
lattice interactions. This enhancement increases energy exchange effi-
ciency while reducing heat loss. As a result, the current density required 
for amorphization decreases. By adjusting the ion dose, the type and 
density of defects can be precisely controlled. Devices irradiated with a 
specific dose have significantly lower current and power densities dur-
ing the phase transition compared to conventional melt quenching 
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(Fig. 9g), supporting polymorphic storage. Another method is ion im-
plantation, where defects are introduced by argon ions implanted into 
the Sb2Te3 film (Fig. 9h), which reduces the energy demand during the 
phase transition and improves the phase transition efficiency. Tests 
show that RESET energy is reduced by about 20 % compared with 
unimplanted material, power consumption is also reduced, and the 
switching speed is increased to 100 ns, which enhances the stability of 
data storage.

7. Conclusion and outlook

This review systematically explores advancements in phase-change 
memory materials and analyzes their multi-scale characteristics, from 
macroscopic device behavior to atomic-level mechanisms. It proposes 
optimization strategies for next-generation non-volatile memory tech-
nologies. The study challenges conventional defect models by intro-
ducing the collective relaxation model, attributing resistance drift to 
cooperative atomic motions in the amorphous phase, offering a unified 
framework for understanding dynamic relaxation processes. The dis-
covery of the ideal glassy state redefines the aging pathway of amor-
phous materials, revealing the role in suppressing abrupt phase 
transitions and delaying structural relaxation. Proposed strategies such 
as nanoscale confinement, superlattice engineering, and defect modu-
lation have enhanced thermal stability and electrical reliability. For 
instance, superlattice structures reduce thermal conductivity and resis-
tance drift through interface phonon scattering and quantum confine-
ment effects, demonstrating the potential of atomic-scale engineering to 
improve device performance.

Despite these advances, PCM materials continue to face several 
challenges. First, phase separation at elevated temperatures or during 
prolonged operation limits long-term stability. Second, interface stress 
and atomic interdiffusion may compromise the reliability of multilayer 
structures. Furthermore, the high manufacturing costs and scalability 
limitations of current fabrication techniques impede large-scale 
deployment. The microscopic mechanisms underlying β-relaxation and 
the fragile-to-strong (F-S) transition remain elusive, necessitating 
further investigation through in-situ characterization and multi-scale 
simulations.

In considering future directions, several key areas could drive further 
advancements in phase-change materials. First, multi-element alloy 
optimization strategies should be investigated to develop material sys-
tems with enhanced thermal stability and reduced power consumption, 
thereby extending device lifespan and energy efficiency. Second, 
establishing an “atomic-to-device” integrated optimization platform will 
facilitate a seamless transition from dynamic relaxation mechanisms to 
device-scale architecture, enhancing memory density and endurance. 
Third, the application of PCM materials should be expanded into 
emerging fields, such as neuromorphic computing and reconfigurable 
optoelectronic devices, where their multi-state tunability can enable 
more efficient information processing. Finally, the development of 
environmentally sustainable fabrication technologies will promote the 
advancement of PCM materials towards low-power, eco-friendly solu-
tions, fostering broader adoption in next-generation information 
technologies.

Fig. 9. (a) HRTEM images of pristine GeTe nanowires and (b) 8 % Bi-doped (GBT8) nanowires, showing increased disorder and lattice strain with Bi doping. Green 
arrows indicate the nanowire growth direction [93]. (c) Average programming current density for various dual-doping percentages, with error bars representing 
RESET current density variation [93]. (d) Crystalline-to-amorphous transitions in GBT8 nanowires as a function of programming voltage and pulse width [93]. (e) 
Transition after 2 cycles of 10 ns pulses in GBT8 nanowires [93]. (f) Schematic of defect-based amorphization in doped GeTe nanowires [93]. Panels (a) ~ (f) are 
reproduced under the terms of the CC-BY license. Copyright 2020, Gaurav Modi, published by ACS. (g) Scaling behavior of switching in defect-induced GeTe 
nanowire devices [94]. Reproduced under terms of the CC-BY license. Copyright 2016, Pavan Nukala, published by Springer Nature Limited. (h) Schematic diagram 
of ion implantation [95].Reproduced with permission. Copyright 2019, Trans Tech Publications. (For interpretation of the references to colour in this figure legend, 
the reader is referred to the Web version of this article.)
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[63] H. Weber, M. Schumacher, P. Jóvári, Y. Tsuchiya, W. Skrotzki, R. Mazzarello, 
I. Kaban, Experimental and ab initio molecular dynamics study of the structure and 

physical properties of liquid GeTe, Phys. Rev. B 96 (2017), https://doi.org/ 
10.1103/PhysRevB.96.054204.

[64] D. Acharya, O. Abou El Kheir, S. Perego, D. Campi, M. Bernasconi, Atomistic 
simulations of the crystallization of amorphous GeTe nanoparticles, J. Phys. Chem. 
C (2024), https://doi.org/10.1021/acs.jpcc.4c05157.

[65] O. Yarema, A. Perevedentsev, V. Ovuka, P. Baade, S. Volk, V. Wood, M. Yarema, 
Colloidal phase-change materials: synthesis of monodisperse GeTe nanoparticles 
and quantification of their size-dependent crystallization, Chem. Mater. 30 (2018) 
6134–6143, https://doi.org/10.1021/acs.chemmater.8b02702.

[66] B. Chen, D. de Wal, G.H. ten Brink, G. Palasantzas, B.J. Kooi, Resolving 
crystallization kinetics of GeTe phase-change nanoparticles by ultrafast 
calorimetry, Cryst. Growth Des. 18 (2018) 1041–1046, https://doi.org/10.1021/ 
acs.cgd.7b01498.
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