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ABSTRACT

Phase-change memory (PCM) displays great promise for the storage-class memory (SCM) technology due to its combination

of fast speed of dynamic random-access memory and nonvolatility of Flash. Yet, to meet the high industrial requirement of
write/erase speed for the SCM application, robust strategies for further accelerating phase transition, particularly from amorphous
to crystalline PCM materials, are urgently needed. In this work, we propose a unique strategy of coherent-interface induced
ultrafast crystallization in PCM materials. Employing rock-salt YAs/Ge,Sb, Tes as a prototype, systematic first-principles molecular
dynamics demonstrate that rapid nonstochastic crystallization behaviors can be achieved by the rock-salt-lattice-matching and
high-temperature-resistant heterogeneous interface attached to the popular PCM material Ge,Sb,Te; (GST). Further experiment
shows that the YAs-incorporated GST device has a faster SET process compared with the pure GST device. Finally, to extend
the strategy in the family of inorganic materials, high-throughput screening from over 150 000 structures discovers as many as
71 candidates for coherent interfaces with PCM GST. The present study establishes a promising strategy to overcome the speed

bottleneck of PCM through atomic-scale interface design for future storage-class memory implementation.

1 | Introduction

Phase-change memory (PCM) is a prospective candidate for
storage-class memory (SCM) [1-6], which holds promise for
resolving the substantial computational demands in emerging
fields such as generative AI models, machine learning force
field molecular dynamics, and advanced autonomous driving
technologies. The exceptional write/erase speed of PCM positions
it as a potential complement to main memory in computing

systems, such as dynamic random-access memory (DRAM) and
static random-access memory (SRAM) [7-10]. Furthermore, its
nonvolatile nature, good cycling endurance, and excellent data
retention are comparable to existing external storage devices (e.g.,
NAND Flash) [11-18]. These attributes endow PCM with the
potential to serve as storage-class memory, which can reshape
complex and hierarchical data storage architectures designed
to balance performance and cost, thereby achieving a more
efficient computing framework [3]. Since 2015, Intel and Micron
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have successively released a series of PCM-based nonvolatile
memory solutions (Intel Optane Solid-State Drive / Persistent
Memory) [19, 20], with their speed up to 1000 times faster
than Flash memory and data storage density 10 times greater
than DRAM [11, 21]. However, the fundamental write-speed
requirement for memory-type storage-class memory must be
faster than 50 ns [3], whereas commercial PCM devices still
exhibit a write speed of around 100 ns [21, 22], which poses a
significant obstacle to the application of phase-change memory
devices.

In the state-of-the-art Ge,Sb,Te; (GST)-based phase-change
memory devices, the SET process (crystallization of amorphous
GST materials into the rock-salt structured crystalline phase to
achieve “0”-“1” signal transition) necessitates a prolonged volt-
age, which imposes the performance bottleneck in the write/erase
time of the PCM technology. From the microscopic perspective,
the crystallization of amorphous GST materials is a stochas-
tic nucleation-driven process mediated by thermal fluctuations
[23-26]. Specifically, at an appropriate temperature between the
glass-transition temperature (T,) and melting point (Ty,), the
crystallization of amorphous GST mainly starts from crystal
nuclei that form randomly in the materials after a long incubation
period [8, 27]. Previous ab initio molecular dynamics (AIMD)
results have revealed that the formation of stable nuclei during
the incubation period is the critical step in the crystallization of
GST and can account for the majority of the total crystallization
time [28, 29]. Also, the uncertainty caused by the stochastic
nucleation is an important challenge in further optimizing the
SET speed of PCM devices, especially in advanced miniaturized
memory cells [8].

Many efforts have been made to reduce the crystallization
time through various approaches. The pre-programming method,
or pre-structural ordering method [28], employed a weak but
consistent incubation voltage to increase the number of fourfold
rings and distorted octahedral structures, which are believed to
be the precursors of crystalline GST [30], in the materials and
achieved subsequent rapid crystallization. Recognizing the high
bonding strength and stability of the M-Te 6-coordinate octahe-
dral structure (M refers to Sc [8, 31], Ti [32, 33], In [34, 35], etc.),
researchers alloyed these elements with basic Ge-Sb-Te materials.
This strategy effectively facilitated the formation and enhanced
the stabilization of crystal nuclei, thereby realizing increases in
crystallization speed to various extents. Some researchers concen-
trated on novel structures of [(GeTe),/(Sb,Te;),], superlattices
and successfully leveraged them for more rapid and energy-
efficient transition between two states with distinct resistance
[36-40]. Recently, introducing heterogeneous van der Waals
(vdW) sublayers, such as TiTe, [41] and HfTe, [42], into PCM
materials has been investigated to modulate the electrical and
thermal properties and phase-change behaviors, consequently
improving the overall performance of the devices [43]. Replacing
the traditional SiO, dielectric materials with TiO, was also pro-
posed to introduce the heterogeneous structure and improve SET
speed [44]. These studies have made significant contributions
to addressing this bottleneck in PCM devices and provided
valuable insights. Nevertheless, with the escalating demand for
further optimizing the performance of devices, especially for the
promising SCM application, there still remains a strong need for
new strategies that demonstrate clear microscopic mechanisms,

exhibit higher robustness in accelerating SET speed, and hold
broad potential for further exploration.

In this work, we present a novel strategy of nonstochastic
ultrafast crystallization of PCM materials. The core of our
approach lies in specific crystalline materials with structural
compatibility to the popular PCM material GST, enabling the
embedding of coherent interfaces directly into the memory cell.
Utilizing the rock-salt-lattice-matching and high-temperature-
resistant Yttrium Arsenide (YAs) as an example to construct a
coherent interface with GST, first-principles molecular dynamics
reveal nonstochastic crystallization behaviors in GST, resulting
in significantly accelerated crystallization. Further experiments
based on two kinds of PCM devices with 250 nm diameter
holes filled by YAs-incorporated GST and pure GST, respectively,
demonstrate that the YAs-incorporated GST device has a faster
SET process compared with the pure GST device. Finally, by using
four rational criteria (including rock-salt type structure, ther-
modynamic stability, small lattice mismatch, and high melting
point), 71 potential candidates with the ability to form coherent
interfaces with GST are selected using high-throughput screening
analyses from more than 150 000 structures in the inorganic
material family. We expect the present work to provide a robust
strategy for speeding up crystallization in PCM materials via
precise coherent interface design, with a promise for future
storage-class memory applications.

2 | Results and Discussion
2.1 | Theoretical Design of the Coherent Interface

A coherent interface refers to a special interface where two
crystalline materials match perfectly so that the two lattices are
continuous across the interface [45]. Coherent interfaces have
been employed to generate plastic deformability of silicon nitride
ceramics [46] and design high-entropy alloys with comprehensive
mechanical and magnetic performances [47]. However, in PCM
devices, coherent interfaces are almost unexplored and should be
designed to facilitate recrystallization. First, the candidate mate-
rials to construct hetero-coherent interfaces with PCM material
should have a rock-salt structure consistent with crystalline PCM
materials, such as the prototypical rock-salt Ge,Sb,Te; (GST).
Second, the candidate materials should have a lattice constant
well close to the PCM materials to allow the construction of
coherent interfaces. Finally, the candidate materials should have
good thermal stability to withstand the melt-quenching process
during the RESET operations.

Taking GST as an example of the target PCM material, we
choose YAs to demonstrate the concept of coherent interfaces
in PCM devices. Since the 1960s, when YAs was reported along
with other rare earth arsenides [48], it has still not attracted
widespread interest from academia or industry. However, we have
identified the rock-salt structure and other advantages of YAs,
which not only meet the multiple requirements of the coherent
interface construction, but also offer opportunities to unlock its
application. The lattice constants of rock-salt YAs and GST are
very close, at 5.83 and 6.07 A, respectively, with a lattice mismatch
of only 4%. These properties make it possible for a coherent
interface structure in which the cation and anion sublattices on
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FIGURE 1 | Feasibility, stability, and bonding analysis of YAs-Ge,Sb,Tes (YAs-GST) coherent interface structure. (a) Lattice constants of rock-salt

YAs and rock-salt GST, and the snapshot of the interface atomic structure. (b) YAs-GST interface structure after a 7.5-ps MD at 1500 K. (c) MSD of atoms
in different regions across the c direction. (d) Average COHP at the interface (including Ge—As, Sb—As, and Y—Te) and within the GST part (including
Ge—Te and Sb—Te). (e) ICOHP and ICOBI of different bonds in detail. The green and orange bars represent the average ICOHP at the interface and

within the GST part, respectively.

both sides of the interface are compatible, forming Y—Te and
Ge/Sb—As bonds at the interface, as depicted in Figure la. YAs
also possesses a high melting point (2733 K predicted by the
GNN model [49], note that its melting point is still unreported
in previous experiments). Since the melting point of GST is
900 K [50], the RESET operation of the PCM device will not be
strong enough to melt YAs. Next, the thermal stability of YAs in
the coherent interface structure is investigated by first-principles
molecular dynamics (MD). After heating the interface structure
of Figure 1a to a high temperature of 1500 K for 7.5 ps, GST indeed
turns to a disordered state while YAs still retains the ordered
crystalline structure, showing no evidence of atomic diffusion
between GST and YAs, as displayed in Figure 1b. Figure 1c
further presents the mean square displacement (MSD) of atoms
at 7.5 ps in different regions along the c-direction to quantitatively
evaluate the degree of atomic diffusion. The atomic diffusions of
YAs are negligible (manifested by very small MSDs) while those
of GST are more significant, further confirming the high stability
of YAs. On the other hand, in the GST region, atoms near the
YAs interface manifest lower average displacement compared to
those in the central region, suggesting the strong bonding effect
between YAs and GST.

Further, we carry out in-depth calculations and analyses of the
bonding nature at the interface. Figure 1d shows the average
crystal orbital Hamilton population (COHP) at the interface
(including Ge—As, Sb—As, and Y—Te bonds) and the average
COHP in the GST region (including Ge—Te and Sb—Te bonds)
in the crystalline interface structure of Figure la. As a powerful
method, COHP enables us to analyze the bonding (—COHP > 0)
and antibonding (—COHP < 0) energy regions of chemical
bonding in materials [51]. Here, the COHP of GST exhibits
pronounced antibonding states below the Fermi level, consistent
with the previous report [52]. In contrast, the average COHP at the
interface shows significantly reduced antibonding states in the
same range. These findings once again indicate stronger bonding
at the interface than inside GST. To quantify the bonding strength
and covalency in the YAs/GST coherent interface, the integrated
COHP (ICOHP) below the Fermi level and the integrated crystal
orbital bond index (ICOBI) of different chemical bonds in the
structure in Figure 1a are also calculated, as shown in Figure le.
Specifically, ICOBI extends the traditional bond index concepts in
chemistry to crystalline materials, thus enabling us to analyze the
covalency of bonding in the structure [53]. The results reveal that
the three types of chemical bonds at the interface (Ge—As, Sb—As,
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and Y—Te) generally exhibit greater covalency (larger ICOBI
values) and higher bonding strength (larger -ICOHP values) than
those within the GST region, with the Ge—As bond standing out
as the most robust. The charge density differences are shown in
Figure S1, which also demonstrate strong bonding effect at the
interface. The high thermal stability of YAs and relatively strong
interface bonding between YAs and GST collectively demonstrate
the great potential of the coherent interface to serve as a robust
crystallization template in amorphous GST materials.

2.2 | Coherent Interfaces Enabled Nonstochastic
and Fast Crystallization

To further verify the effect of the YAs/GST coherent interface
on the crystallization behavior of GST materials, we perform
first-principles molecular dynamics (MD) simulations of the
recrystallization process. The amorphous GST interface structure
is obtained by the melt-quenching method, with details in
Section 4. The recrystallization is simulated by annealing the
model at 600 K. The same simulation using the pure GST model
(bulk-GST) without the coherent interface is also performed for
comparison.

Figure 2a,b depicts the time evolutions of the pair correlation
function of GST in the two models. The YAs-GST exhibits good
ordering as early as 105 ps, accompanied by the remarkable
increases of the peaks at 3,4.2,6.7,and 9.3 A. Also, the emergence
of a subtle peak at 5.3 A can be observed. In contrast, the bulk
GST material does not show significantly discernible crystalline
characteristics during the initial 300 ps. Figure 2c compares the
time evolutions of fourfold rings in GST, which has been regarded
as an indicator of the crystallinity [30, 54] for PCM materials,
during the two simulations. The crystallization process is divided
into three stages: Stage I corresponds to the incubation period,
Stage II to the crystallization development period, and Stage
III to the slow-evolution period. For the pure GST, the model
undergoes a longer incubation period of approximately 300 ps
(Stage I), followed by the crystallization process (Stage II). During
the incubation period, the number of fourfold rings fluctuates
over time, indicating the frequent formation and dissolution
of small crystal nuclei or crystal precursors. The detailed GST
structures in the crystallization process are provided in Figure S2.
On the contrary, the YAs-GST model with the coherent interface
experiences a rapid and sharp increase in fourfold rings after a
very brief period (within 10 ps), and then achieves a complete
crystallization by 105 ps. The insets in Figure 2c show the
key snapshots of the structures during the simulations, further
confirming the conclusions. Obviously, the most remarkable
improvement of the coherent interface is the shortening of the
incubation time (Stage I). As predicted, the coherent interface
serves as the template for crystallization and thus bypasses the
incubation process, which is usually a stochastic process. In other
words, the coherent interface will significantly improve the SET
speed of PCM devices owing to the nonstochastic recrystallization
process.

The role of YAs as the crystallization template can also be directly
inferred from the structural characteristics of amorphous GST
adjacent to YAs. Figure 3a shows the side and top views of YAs
and the closely adjacent GST layer (i.e., interfacial layer). Clearly,

after the melt-quenching process, the Ge, Sb, and Te atoms
in this interfacial layer spontaneously form a crystalline-like
arrangement, well matching the YAs template, in the amorphous
structure. All Ge atoms occupy the cation sites and form bonds
with As atoms below, with Sb and Te exhibiting only low densities
of antisite defects (0.003 A2 for Sb and 0.006 A~2 for Te atoms
in our model). Moreover, four vacancies (accounting for 11.1%
of all sites) in this interface GST layer represent a key feature
of the rock-salt GST [52, 55]. The top GST interfacial layer
(formed because of the periodic boundary) is shown in Figure
S3. Moreover, the interfacial structure in the high-temperature
melting process is shown in Figure S4. The GST atoms close to
the YAs are disordered at 1500 K. At 1100 K, this layer becomes
relatively ordered, especially since many Te atoms already occupy
the correct lattice sites and form bonds with the underlying
Y atoms. During the subsequent quenching process, this layer
undergoes further structural refinement, achieving the cubic-like
layer in the amorphous structure at room temperature (300 K).
Figure 3b shows the time evolution of the ratios of Ge, Sb, and
Te atoms and vacancies in these interfacial layers throughout
the 120 ps crystallization process in the YAs-GST system. Note
that the number of vacancies is calculated by subtracting the
number of Ge, Sb, and Te atoms from the total lattice sites.
The atomic proportions remain generally stable and in close
agreement with the stoichiometry of Ge,Sb,Te;. These results
suggest that YAs can stabilize a rock-salt-like GST atomic layer
after melt-quenching and provide an efficient template for later
crystallization, avoiding the traditional stochastic nucleation
period in GST [8, 27].

In fact, the YAs not only modulates the structure of the interfacial
GST layer but also influences the structure of the adjacent
GST regions. Figure 3c,d illustrates the Peierls distortion [56]
of the amorphous region in the two structures, measured by
the angular-limited three-body correlation (ALTBC). Due to the
size limitations of the (MD) model, the GST in the coherent
interface structure represents the region near the interface in
actual devices. The intensity maps of ALTBC show the bond-
length distribution of the near-linear bond pairs with bonding
angles close to 180°. In the amorphous bulk GST, significant
Peierls distortion is observed, with two distinct peaks at r, =3.2 A,
r, = 29 A, as well as the symmetric position (r, = 2.9 A,
r, = 3.2 A). In contrast, the amorphous GST in the YAs coherent
interface structure only shows one major peak atr, = r, = 3.05 A,
closer to the case of the rock-salt crystalline GST. Clearly, the
nondistorted rock-salt YAs, shown in the inset in Figure 3c,
suppressed the Peierls distortion of the adjacent amorphous GST.
Figure 3e compares the coordination number of Ge atoms in
the two structures. Previous studies have highlighted that the
change of the position and coordination environment of Ge atoms
is crucial in the amorphous-to-crystalline phase transition in
GST [57, 58]. In the bulk structure, there are large numbers of
4-, 5-, and 6-coordinated Ge atoms, suggesting that Ge mainly
occupies tetrahedral, octahedral, and defect octahedral positions.
In contrast, in YAs-GST, the number of 4-coordinated atoms
decreases, while 5-coordinated Ge atoms dominate, indicating
that the sp® covalent bonding is weakened in amorphous GST
and the p-orbital bonding network is strengthened, which is
the key feature in crystalline phase-change memory [59, 60]. In
Figure 3f, the bond angle distributions in the two models remain
similar, implying that YAs has little influence on the bond angle
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FIGURE 2 | Time evolution of pair correlation function (PCF) and fourfold rings in the crystallization process at 600 K. (a) PCF of GST in the
interface structure. (b) PCF of GST in the bulk structure. (c) Fourfold rings of the GST in the interface structure and bulk structure. Internal snapshots
present the atomic structures at different crystallization stages. Stages I, II, and III refer to the incubation period, crystallization development period,

and slow-evolution period, respectively.

distribution of the amorphous GST. Yet, at around 110°, a slight
decrease can be observed in the YAs-GST structure, once again
indicating that fewer Ge atoms occupy tetrahedron centers.

We note that the key innovation of our strategy is the direct
growth of the PCM material from the coherent interface formed
between GST and another heterogeneous crystalline material,
which has differences from the mechanisms of previous doping
methods [8, 61]. For example, the Sc-doping method (i.e., Sc
doping in Sb,Te;) relies on the stronger Sc—Te bonds to stabilize
fourfold rings and cubes to accelerate the nucleation process
[8], while Y-doping method (i.e., Y doping in Sb,Te;) employs
Y atoms to twist the lattice, retard crystallization, refine the
crystal grains, and consequently improve the crystallization
speed [61].

So far, we have theoretically confirmed that the introduced
coherent interfaces are able to greatly promote the crystallization
of PCM materials. We believe that the acceleration mechanism
(revealed through the example of YAs-Ge,Sb,Te; here) should
also be applicable in other coherent interfaces formed between
suitable crystalline materials and PCM materials, and help to
achieve higher SET speed in the devices for the SCM applica-

tions. Following the above DFT-based molecular dynamics and
structural analyses, we also carried out preliminary experimental
studies of our coherent interface strategy. These results are
presented in detail in Note S1 and Figure S5. Our YAs-GST device
shows a faster SET speed and a lower SET voltage than those of
the pure GST device.

2.3 | High-Throughput Screening of Coherent
Interfaces

Although the role of coherent interfaces in PCM devices is
illustrated using YAs, the mechanism should be general for other
similar materials. In this session, we perform high-throughput
screening to identify as many candidate materials as possible for
constructing coherent interfaces with GST from the Materials
Project database (containing over 150 000 structures) [62]. Our
screening strategy consists of four criteria listed as follows.

* Rock-salt binary compounds: This criterion ensures that the
anion and cation sublattices of the candidate material are
compatible with rock-salt GST, which is a basic requirement
for coherent interfaces.
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and GST in bulk-GST. (e) The coordination number of Ge in YAs-GST and bulk-GST. (f) Distribution of bond angles in YAs-GST and bulk-GST.

* Stable structure: We use the energy above hull (E,,;) from
the Materials Project database to evaluate the thermodynamic
stability of materials, requiring Ey; < 0.1 eV/atom to ensure
that the rock-salt structure is stable or metastable and thus
feasible for practical phase-change memory devices.

* Lattice matching: The lattice constant of the candidate should
differ from GST by less than 5% to minimize dislocations and
achieve high-quality coherent interfaces.

* High melting point: The melting point of the candidate mate-
rial should be much higher than that of GST to withstand the
high temperature in the RESET operation. We use cohesive
energy as an indicator of melting point [63], and necessitate
the cohesive energy > 4 eV/atom (compared to 2.85 eV/atom
for GST). The complete screening process, criteria, and the
number of materials remaining after each step are summa-
rized in Figure 4a. Ultimately, we identified 71 candidates with
detailed information provided in Table 1.

Under appropriate fabrication processes, these 71 candidates have
the potential to introduce coherent interfaces in PCM materials
and thus improve the SET speed. However, as we may face
challenges in trying to construct coherent interfaces due to lack of
sputtering target for some candidates and the resulting formation
of complicated secondary phases by a single target sputtering,
just like the Y—As—Ge—Sb—Te target used in the experiment (see
Note S1 and Figure S5), we further proposed an extra screening
process to identify candidates that may spontaneously aggregate
in the phase-change materials to form crystals and coherent

interfaces after single-target sputtering, as shown in Figure 4b.
For the 71 materials screened above, we examined each of them,
comparing its cohesive energy with those of all the possible
binary compounds formed between its constituent elements and
Ge, Sb, or Te. In detail, a candidate compound AB would be
thermodynamically favorable for spontaneous aggregation if its
cohesive energy is over 0.5 eV/atom higher than all binary
compounds that can form between A/B and Ge/Sb/Te. Based on
this analysis, we further identified 14 easily formed candidates
for single-target sputtering under limited fabrication conditions,
shown in Table S1.

Figure 4c shows the distribution of 248 stable binary rock-salt
structures that pass the first two screening criteria in Figure 4a
in terms of lattice constants and cohesive energy. Each point in
the picture represents a structure, and the orange region refers
to the range that meets all four criteria. It can be observed
that the area with a lattice constant between 4.8 and 6.8 A and
cohesive energy exceeding 4 eV forms a relatively dense cluster.
The final candidates fall entirely inside this area, encompassing
71 structures. The 14 structures further screened in Figure 4b are
shown as orange dots with blue rings. Figure 4d illustrates the
element distribution of the 71 candidates. The number below the
element symbol represents its frequency among the candidates.
Two obvious groups emerge: anions are concentrated in six
elements of Se, As, Sb, Te, Bi, and P, with small amounts
distributed in Ge and S. The cation elements are widely found in
Group IIIB, relatively evenly distributed across Sc, Y, lanthanides,
and actinides. In particular, among the 15 lanthanide elements,
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FIGURE 4 | High-throughput screening strategy and potential candidates. (a) High-throughput screening strategy. Four tiers of screening criteria,
including rock-salt structure, thermodynamic stability, lattice matching, and melting temperature, are employed on the Materials Project database. The
screening starts from 150 000+ material structures, and the number of selected structures at each tier is provided. Finally, 71 candidates are selected.

(b) An extra analyzing process for identifying 14 easily formed candidates that may be suitable for single-target sputtering from all the 71 candidates.

(c) Distribution of lattice constants and cohesive energies among 248 stable binary rock-salt structures that pass the first two screening criteria in (a).
The orange area contains the final 71 candidates. Orange dots with blue rings refer to the 14 easily formed candidates identified in (b). The positions of
YAs, YTe, and YSb are also highlighted. (d) Element distribution of the 71 candidates. The number below each element symbol represents the frequency.

only Yb is absent. We chose four representative materials from
the 71 candidates and calculated their band structures with HSE
hybrid functional to gain accurate results, with results shown in
Figure S6.

Our work focuses on Ge,Sb, Tes, which is the popular nucleation-
driven PCM material. In addition, accelerating crystallization of
growth-dominated PCM materials could also benefit from our
coherent-interface strategy and corresponding screening. Here,
we take GeTe as an example for explanation. Generally, its
amorphous phase would first crystallize into the rock-salt cubic
phase at high temperatures [64]. Although the nucleation rate
of GeTe is slow, the rock-salt-lattice-matching coherent interface
can directly offer an effective template for the fast growth of the
cubic phase from the interface. The screening of compounds to
form a coherent interface with rock-salt GST can also be applied
to the rock-salt GeTe due to their close lattice parameters. Among
all the 71 candidates identified, the largest lattice mismatch with
cubic GeTe is only about 6%.

We also understand that the crystallization speed of the amor-
phous phase and data retention are often in competition, and
thus further measured the data retention ability of the YAs-GST
film. In Figure S7, the 10-year data-retention temperature of YAs-
incorporated GST is evaluated to be 73°C, which is modestly
smaller than that of pure GST (~85°C) [65]. This modest decrease
is consistent with the physical intuition.

In our current work, we used YAs as an example to demonstrate
our strategy. In principle, the crystallization of GST based on a
coherent interface should occur through direct growth from the
interface. Therefore, the enlarged coherent interfaces withGST
would more effectively facilitate crystallization. We note that
although YAs has been known since 1960 [48], it has received
limited attention, and the target of YAs is currently not readily
available. With access to the YAs sputtering target in the future,
we would be able to perform co-sputtering of YAs and GST, or
optimize the deposition sequence between the two materials to
form well-defined YAs layered structures and consequently form

Advanced Functional Materials, 2026
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TABLE 1 |

71 candidate materials to form coherent interfaces with rock-salt GST and detailed information. In the table, mp-id represents the material
ID in the Materials Project database. Ey ) represents the energy above the hull. E, represents the cohesive energy. Lattice constants are also shown.

mp-id Formula E,. (eV/atom) Lattice constant (A) E_ (eV/atom)
mp-1415 CaSe 0 5.942 4.578
mp-2748 CeAs 0 6.087 5.292
mp-2154 CeP 0 5.926 5.638
mp-2563 CeSe 0 6.043 5.789
mp-2627 DyAs 0 5.808 5.194
mp-22907 DyBi 0 6.311 4.312
mp-1007 DySb 0 6.192 4.76
mp-2159 DyTe 0 6.142 4.909
mp-23245 ErBi 0 6.262 4.228
mp-2191 ErSb 0 6.142 4.684
mp-1280 ErTe 0 6.085 4.803
mp-20587 EuS 0 5.884 4.976
mp-21009 EuSe 0 6.13 4.588
mp-510374 GdAs 0 5.89 4.922
mp-510403 GdSb 0 6.273 4.52
mp-510404 GdSe 0 5.825 5.349
mp-574283 GdTe 0.065 6.227 4.767
mp-295 HoAs 0 5.78 5171
mp-22866 HoBi 0 6.287 4.274
mp-2050 HoSb 0 6.163 4.726
mp-919 HoTe 0 6.113 4.86
mp-708 LaAs 0 6.2 5.182
mp-2384 LaP 0 6.068 5.462
mp-2350 LaS 0 5.885 6.168
mp-1161 LaSe 0 6.104 5.724
mp-568059 LuBi 0 6.205 4.132
mp-516 LuSb 0 6.08 4.598
mp-1254 LuTe 0.06 6.015 4.67
mp-2602 NdAs 0 6.046 5.274
mp-2823 NdP 0 5.91 5.578
mp-1453 NdSe 0 5.975 5.713
mp-570 NdTe 0 6.366 5.158
mp-2186 NpAs 0 5.87 4.885
mp-20969 NpSb 0 6.279 4.38
mp-627 NpSe 0 5.85 5.366
mp-807 NpTe 0.044 6.28 4.738
mp-1232234 PmSe 0 5.922 5.699
mp-10622 PrAs 0 6.098 5.272
mp-601 PrP 0 5.964 5.566
mp-2495 PrS 0 5.809 6.183
mp-1674 PrSe 0 6.029 5.729
mp-2548 PuAs 0 5.881 4.324
(Continues)
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TABLE 1 | (Continued)

mp-id Formula E, . (eV/atom) Lattice constant (A) E_ (eV/atom)
mp-2288 PuSe 0 5.886 4.921
mp-1556 PuTe 0 6.299 4.343
mp-570632 ScBi 0 6.026 4.119
mp-549 ScSb 0 5.893 4.57
mp-1738 SmAs 0 5.953 5.26
mp-710 SmP 0 5.819 5.582
mp-2281 SmSb 0 6.326 4.879
mp-1447 SmSe 0 5.888 5.662
mp-342 SmTe 0 6.284 5.089
mp-2758 SrSe 0 6.281 4.472
mp-2640 TbAs 0 5.841 5.213
mp-22921 TbBi 0 6.336 4.347
mp-2724 TbSb 0 6.219 4.79
mp-1561 TbSe 0 5.769 5.556
mp-1176 TbTe 0.014 6.167 4.955
mp-1753 ThAs 0 6.015 6.215
mp-1093 ThGe 0 6.094 5.97
mp-931 ThP 0 5.869 6.647
mp-2183 ThSe 0 5.941 6.48
mp-23234 TmBi 0 6.242 4.165
mp-2520 TmSb 0 6.121 4.625
mp-237 TmTe 0.038 6.057 4.727
mp-2104 UAs 0 5.927 5.454
mp-519 USb 0.071 6.201 4.866
mp-2143 USe 0 5.914 5.647
mp-933 YAs 0 5.827 5182
mp-23241 YBi 0 6.332 4.318
mp-215 YSb 0 6.213 4.76
mp-1708 YTe 0.027 6.162 4.908

adesired YAs/GST interface for more effective crystallization. We
also verified our strategy with ScSb, another candidate obtained
from the high-throughput screening, by extra AIMD simulations
(Figure S8). It is shown that ScSb also successfully facilitates the
fast recrystallization of GST via the coherent interface. Therefore,
the strategy of a coherent interface is robust.

3 | Conclusion

In summary, the research here proposes a new strategy to realize
ultrafast nonstochastic crystallization by embedding coherent
interfaces into the PCM materials for high-speed PCM device
applications. Taking YAs, a material that has largely been
overlooked before, as an example, we construct a coherent
interface with GST, and demonstrate a remarkably fast and
nonstochastic crystallization behavior in PCM materials by first-
principles molecular dynamics. The YAs exhibits excellent high-

temperature stability and forms strong covalent bonds with GST
materials. As a result, a rock-salt-like atomic interfacial layer
(next to YAs) is retained in the amorphous GST after the melt-
quenching process. The interfacial layer can act as an ideal
medium, not only preserving the rock-salt-like structural features
from YAs, but also ensuring electronic and chemical compat-
ibility with the inner GST. These features enable amorphous
GST to switch back to the crystalline state at the appropriate
temperature without a prolonged stochastic nucleation process.
Device experiments further demonstrate that the SET speed of
YAs-incorporated GST significantly increases even under a lower
voltage, compared with pure GST (see Note S1 and Figure S5).
Finally, employing four-tier high-throughput screening, includ-
ing rock-salt structure, thermodynamic stability, lattice matching,
and melting point, we further identified 71 potential candidates
suitable for constructing coherent interfaces with GST, displaying
its broad applicability. With the validated effectiveness of our
strategy, continued close collaboration with industry partners
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remains essential to achieve overall performance improvements
in PCM devices by embedding coherent interfaces in the future.
The present work establishes a promising new strategy to achieve
high-speed PCM via atomic-scale interface design for future
storage-class-memory implementation.

4 | Experimental Section
4.1 | First-Principles Calculations and Molecular
Dynamics

The first-principles calculations employed density functional
theory (DFT) implemented in the Vienna Ab initio Simulation
Package (VASP) [66] code. The coherent interface structure
containing 334 atoms (including 54 Y, 54 As, 50 Ge, 50 Sb, and
126 Te) was constructed, where the cation and anion sublattices
in YAs and GST perfectly matched at the interface. A bulk GST
structure with 50 Ge, 50 Sb, and 126 Te atoms was also prepared for
comparison. The electronic exchange-correlation interaction was
described with the Perdew-Burke-Ernzerhof (PBE) functional
[67] in the calculations of the interface structure and bulk GST
structure. The DFT-D3 method was used to include the vdW
interactions in the calculations [68]. The crystal orbital Hamilton
population (COHP), integrated COHP (ICOHP), and integrated
crystal orbital bond index (ICOBI) were implemented with the
LOBSTER program [51, 69]. In the first-principles molecular
dynamics (MD) simulations, we employed the NVT canonical
ensemble, where the Nosé-thermostat is used to control the
temperature [70]. The time step of 3 fs, energy cutoff of 350 eV,
and a single k-point were used for this structure in the MD
process. The amorphous interface structure was prepared using
the melt-quenching method. The structure was melted at 1500 K
for 9 ps and equilibrated at 1100 K for 15 ps. Considering that
the stability of YAs in this structure had been confirmed in
1500 K MD, the positions of the Y and As atoms in the middle
layer of YAs are fixed, with the top and bottom YAs layers
unfixed, in the high-temperature process to avoid the center-of-
mass drift. Finally, it was quenched to 300 K and maintained for
another 15 ps, with all atoms unfixed. For comparison, a bulk
GST model was also obtained using the same melt-quenching
method, except for the absence of the interface. All the structures
were visualized through VESTA [71]. In the calculations of the
band structures of YAs, CaSe, ScSb, and LaAs, the energy cutoffs
were set to 1.5 times the maximum ENMAX (recommended
energy cutoff by VASP), the effect of spin polarization was
included, and the 9 x 9 x 9 Monkhorst-Pack [72] k-point grid was
used.

4.2 | PCM Device Fabrication and Electrical
Measurement

A Pt bottom electrode with a thickness of 100 nm was sputter-
deposited onto the SiO,/Si substrate. Subsequently, a SiO,
insulator layer with a thickness of 100 nm was deposited by
plasma-enhanced chemical vapor deposition (PECVD) to isolate
different cells. Electron beam lithography (EBL) was employed
to create through-hole patterns measuring 250 nm in diameter
and also create bottom electrode square patterns of 100 X 100 pm.
Inductively coupled plasma (ICP) etching was then used to create

the through-holes and bottom electrodes. The photolithography
step was carried out to define 150 x 150 ym square patterns
for the top electrodes above the center of the through-hole
array. Afterward, using a Y,;As,;Ge,Sb,Te; sputtering target,
a 100 nm-thick material was sputter-deposited as the phase-
change layer, and a Pt film of the same thickness was deposited
as the top electrode. Through the lift-off process, the final
device was achieved. As the control group, GST devices were
fabricated using the same process, except that Ge,Sb,Te; was
deposited as the phase-change material. The electrical proper-
ties of the fabricated devices were characterized by Keysight
BI500A semiconductor device parameter analyzer, which could
produce voltage pulses to SET the phase-change memory
devices.

4.3 | High-Throughput Screening

The initial data that support the high-throughput screening
section in this paper, including E, ;, lattice constant, and E,, were
collected through the open Materials Application Programming
Interface (API) [73] from the Materials Project database (Database
v2025.02) [62].
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Figure S1. The charge density difference of the YAs/Ge2SboTes coherent interface structure,
calculated by subtracting the density distributions of the materials on both sides of the interface
from the total density distribution of the structure. In the figure, the regions with positive values
represent increases in electron density, while the regions with negative values indicate decreases

in electron density.
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Figure S2. The crystallization process of bulk GST. The random nucleation process is the main
part in the entire crystallization. A stable nucleus can only be observed after 300 ps
(corresponding to the beginning of stage II in Figure 2¢ of the main text).



Bottom view of the top attached GST layer

Figure S3. Bottom view of the top GST atomic layer next to YAs in the melt-quenched
amorphous YAs-GST structure.
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Figure S4. Top view of the GST interfacial layer closely next to YAs in the melting process
(1500 K, 1100 K) and the subsequent quenched state (300 K). Here, the structure at 300 K is

taken from the one of Figure 3a in the main text for comparison.



Note S1

In this supplementary note, we show the preliminary experimental verification of the
acceleration of the SET process. Figure S5a presents a schematic of our via-hole device
structure, in which the central layer is the phase-change material. However, YAs has long been
neglected by academia and industry, imposing challenges for us to conduct the experiment to
directly fabricate the interface structure in the phase change material layer. Due to the
unavailability of a pure YAs target at present, we instead use a Yo3Aso.3Ge2SboTes target to
sputter the PCM material. The YAs-GST is deposited as a 100-nm-thick layer in the hole with
a diameter of 250 nm in the typical hole-type PCM device. Figure S5c demonstrates that the
YAs-GST device, prepared with the above-mentioned approach, achieves a SET speed four
times faster than that of the pure GST device under even lower operation voltages. Specifically,
the YAs-GST device exhibits a SET speed of 20 ns under 1.6 V, compared to 80 ns under 3.8 V
for the GST device. The resistance-voltage characteristics of both devices at their fastest SET
speed are detailly presented in Figure S5d. Regarding the ‘two-step crystallization’ behavior
observed in the Figure S5d during the SET process, it may reflect two distinct crystallization
dynamics: one occurring near the coherent interface and the other possibly in regions far from
it. Crystallization adjacent to the coherent interface is expected to proceed more readily,
whereas regions farther away rely on self-nucleation of GST, which is comparatively more

difficult. Further investigation will be required for better understanding.

However, we note that the improved SET speed shown in the experiment may come from
several potential factors. In fact, other heterogeneous rock-salt materials may also
spontaneously form because of using a single Yo3As03Ge2SbaTes target to sputter the YAs-
incorporated-GST material. For example, YSb and YTe also have significantly higher cohesive
energies (4.76 eV/atom for YSb and 4.91 eV/atom for YTe) than that of GST (2.85 eV/atom),
shown in Figure S5b. Their lattice mismatches with GST are small as well, i.e., 2.36% for YSb
and 1.52% for YTe. In other words, the three kinds of coherent interfaces, including YAs/GST,
YSb/GST, and YTe/GST, may form in the experiment and facilitate crystallization. In fact, all
the three materials including YAs, YSb, and YTe mentioned in Figure S5b bypass the 4 criteria
in our high-throughput screening and fall within the 71 candidate materials as shown in Table
1 of the main text.
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Figure SS. The performance comparison of the SET speed between the device based on YAs-
GST and the one based on pure GST. Two kinds of devices have the same structure. a)
Schematic of the PCM device. b) Cohesive energy and lattice constant of heterogeneous rock-
salt materials, which may form because of using a single Y03As03Ge2SboTes target to sputter
the YAs-incorporated-GST material. All three materials meet the requirements of forming
coherent interfaces with GST. ¢) Voltage dependence of the SET speed for the YAs-GST and
pure GST devices. d) The resistance-voltage characteristics of the YAs-GST and pure GST
devices under their shortest SET pulses (20 ns vs. 80 ns).
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Figure S6. The band structures of four typical candidate rock-salt materials calculated with the
HSE functional. Among them, YAs, ScSb, and LaAs exhibit semi metallic band structures,
whereas CaSe shows a clear band gap.
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Figure S7. Ten-year data retention evaluation of YAs-incorporated GST material.



Note S2

To verify the robustness of the coherent interface strategy, we perform AIMD simulations
using ScSb, which is an extra candidate of the high-throughput screening. Figure S8 shows the
snapshots of the ScSb/GST model during the recrystallization. Similar to the case of YAs/GST,
the amorphous GST rapidly recrystallized via the growth from the coherent interface.

70 ps

Q sec
@ ce
[ B
@

Figure S8. Rapid crystallization process of GST in coherent interface structures formed
between ScSb and GST.
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Table S1. 14 easily-formed candidates further screened from the 71 candidates in Table 1. In
the table, mp-id represents the material ID in the Materials Project database. Enun represents the
energy above hull. E¢ represents the cohesive energy. Lattice constants are also displayed.

mp-id Formula Enun (€eV/atom) Lattice constant (A) E. (eV/atom)
mp-1415 CaSe 0 5.942 4.578
mp-2563 CeSe 0 6.043 5.789
mp-20587 EuS 0 5.884 4.976
mp-510404 GdSe 0 5.825 5.349
mp-2350 LaS 0 5.885 6.168
mp-1161 LaSe 0 6.104 5.724
mp-1453 NdSe 0 5.975 5.713
mp-627 NpSe 0 5.850 5.366
mp-1232234 PmSe 0 5.922 5.699
mp-2495 PrS 0 5.809 6.183
mp-1674 PrSe 0 6.029 5.729
mp-2288 PuSe 0 5.886 4921
mp-1447 SmSe 0 5.888 5.662
mp-1561 TbSe 0 5.769 5.556
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