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a b s t r a c t

Elemental Sb phase-change material (PCM) has to be diminished to nanometer in thickness to guarantee
non-volatile memory storage. Integrating ultrathin Sb films poses great challenges in manufacturing
high-density phase-change random-access memory (PCRAM) chips. Here, we introduce another feasible
approach of utilizing nano-composite SbeSiO2 PCM, for which we demonstrate superior phase-change
properties of faster crystallization speed and better data retention ability over the conventional
Ge2Sb2Te5 compound. These two seemingly conflicting features of the SbeSiO2 are reconciled by an
obvious fragile-to-strong crossover in crystallization kinetics of the supercooled Sb liquids via nanosize
confinements, enabling the more suffocated atomic diffusion near room temperature and the compa-
rable crystal growth at elevated temperatures to the Ge2Sb2Te5. The nanosize confinements also catalyze
heterogeneous nucleation remarkably, therefore speeding up the SET operation of the SbeSiO2-based
PCRAM device by over two orders of magnitude as compared to the Ge2Sb2Te5-based one. In addition,
owning the potentials to accomplish low-drift and long-life memory programming, the nano-composite
SbeSiO2 PCMs hold great promise to be employed for working memory and neuromorphic computing
applications.

© 2021 Elsevier Ltd. All rights reserved.
1. Introduction

The rapid development of artificial intelligence, big data anal-
ysis, supercomputing, and internet of things drives the revolution
of current computing system based on classic von Neumann ar-
chitecture, where the frequent and massive data shuttling between
the core processor and hierarchical memories costs lots of inter-
communicating time and energy consumption through limited
bandwidth [1,2]. Emerging non-volatile memory (NVM) technolo-
gies offer a feasible route to overcome such a bottleneck by either
, fengrao@szu.edu.cn (F. Rao).
serving as a storage-class memory [3e5] to mitigate hierarchical
performance mismatches or unifying calculation and storage at
memory cell sites to facilitate in-memory computations [6e9].
Among existing NVMs, phase-change random access memory
(PCRAM), which encodes digital data via swift and reversible
structural transformations between the amorphous and crystalline
phases of chalcogenide phase-change materials (PCMs), is the
leading candidate in these two renovating regards [10e13].
Commercialized PCRAM devices utilize flagship Ge2Sb2Te5 (GST)-
like compounds as the storage medium that can execute phase
transformations within tens to hundreds of nanoseconds while
store the data reliably for tens of years at ambient temperatures
[14,15]. However, current PCRAM technology still faces miscella-
neous challenges in achieving high-speed, high-accuracy, and long-
life device properties [16e18], which mainly come from the
intrinsic material properties of the GST-like PCMs.
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The presence of Ge element triggers a large fraction of homo-
polar GeeGe bonds and tetrahedral atomic motifs in the amor-
phous GST networks [19], hindering the rearrangement into
octahedrally-configured structures for swift crystallization. Also
due to the pronounced stochasticity in the nucleation process of
GST [20,21], its PCRAM devices usually exhibit quite sluggish SET
(crystallization) operations. Even when the feature size of memory
cell is shrunken considerably into sub 10 nm scale, the fastest SET
operation still costs ~30 ns [17], which is much slower than the
criterion of working memories (sub ~1e10 ns) [22,23]. Meanwhile,
the abundance of homopolar GeeGe bonds and tetrahedral motifs
in amorphous GST decreases gradually upon structural relaxation,
giving rise to the annihilation of localized defect states and/or a
widened electronic band gap, which results in a striking and steady
increase in device resistance of the RESET (amorphous) state
[24,25]. This would unavoidably degrade the data consistency in
multibit storage or parallel computing. Furthermore, upon large-
bias or repeated operations, the GST-like PCMs suffer from severe
phase segregation that originates from the field-assisted long-dis-
tance migration of Ge(Sb) and Te elements in opposite directions
due to their different electronegativities [26], causing poor pro-
gramming reliabilities and short service life of the PCRAM devices.

Obviously, removing Ge element is an effective way to address
above issues. In a ~4 nm-thick Sb2Te3 bridge-type device, SET time
can be shortened to ~1 ns [27], accompanied by a noticeably
relieved resistance drift [12]. Elaborately designed Sc-doped Sb2Te3
PCMs accommodate robust SceTe heterogeneous nucleation sites,
suppressing the stochastic nucleation thus speeding up the SET
operation into sub-ns regime [23,28]. Further simplifying the
stoichiometry leads to themonoatomic Sb PCM that is regarded as a
potential candidate to alleviate the phase segregation for a longer
cycling endurance [29]. Note that ‘bulk’ Sb films (>~10 nm in
thickness) crystallize spontaneously at room temperature,
impeding non-volatile data storage for practical use. Doping offers
a promising route to improve its thermals stability, in the cost of
slowing down SET speed [30,31]. Nevertheless, reducing the Sb film
thickness to sub ~5 nm in a PCRAM device can effectively enhance
the data stability of its RESET state [29,32], meanwhile retaining
reliable multilevel states with pretty low resistance drift [32].
Nonetheless adopting such slim Sb films in a vertical integration
scheme to fabricate high-density PCRAM devices would pose great
challenges on manufacturing techniques involving nanogap-filling
or nondestructive etching process. Moreover, the phase-change
kinetics and thermodynamics at such an ultrathin scale should be
substantially altered with respect to the bulk PCM cases, therefore
it would be a tough task to fine tuning the bilateral dielectric
confinements of the ultrathin Sb film to acquire desired phase-
change performances.

To circumvent these difficulties that will be confronted when
utilizing the ultrathin Sb in PCRAM devices, in this work, we pro-
vide an alternative approach of nano-composite SbeSiO2 PCM,
where the phase-changeable Sb regions are nanosize-confined
within an amorphous matrix of non-phase-changeable SiO2 areas,
adjusting the crystallization kinetics essentially to achieve fast but
persistent phase-change performances. The SbeSiO2-based PCRAM
devices can perform much faster SET operations than the GST-
based ones, because the SbeSiO2 PCM has enhanced heteroge-
neous nucleation rates and slightly higher crystal growth velocities
at elevated temperatures, whereas it also possesses superior data
retention abilities over the GST, owing to a more suffocated atomic
diffusivity at low temperatures. We believe that these two ‘con-
flicting’ features found in the SbeSiO2 PCMmust be reconciled by a
fragile-to-strong (FTS) crossover in kinetics, while the supercooled
GST liquids do not own such a peculiarity. Our work thus suggests
to revisit the phase-change kinetics of many nano-composite PCMs,
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aiming to optimize the material compositions for superior device
properties to promote the developments of both working and
storage-class memories.

2. Experimental methods

2.1. Film preparation and characterization

The SbeSiO2 films were prepared by co-sputtering SiO2 and Sb
targets (with purity of 99.99%) under high vacuum at room tem-
perature. The base and working pressures were ~8 � 10�3 and ~3
mTorr, respectively. The GST films were prepared by sputtering the
alloy target (with purity of 99.99%). We employed x-ray fluores-
cence (XRF, AXIOS, Malvern Panalytical) spectrometer to determine
the exact composition of SbeSiO2 PCM: Sb69$7(SiO2)30.3. The
~120 nm-thick SbeSiO2 and GST films for temperature-dependent
sheet-resistance measurements were deposited on the SiO2/Si
substrates. On top of the PCM layers, a ~10 nm-thick SiO2 layer was
in-situ deposited to avoid the surficial oxidation. The sheet
resistance-temperature curve was characterized via a homemade
heating platformwith an accuracy of ±0.1

̊

C. The specimen for high-
resolution transmission electron microscopy (HRTEM, JEOL JEM-
2100 F) measurements was directly deposited on carbon grids. The
morphology of ~250 �C annealed SbeSiO2 films (~12 nm in thick-
ness with a ~3 nm-thick SiO2 capping layer) was confirmed by
HRTEM at a high tension of 200 kV. The chemistry state of the
SbeSiO2 films was examined by x-ray photoelectron spectroscopy
(XPS, Thermo Scientific K-Alphaþ).

2.2. PCRAM device fabrication and electrical measurement

The PCRAM devices were fabricated on a Si substrate with
~300 nm-thick thermally oxidized SiO2 layer which acts as the
thermal and electrical insulation. The ~10 nm-thick Ti and
~100 nm-thick W layers were successively deposited on the SiO2/Si
substrate by sputtering Ti and W target (with purity of 99.99%),
serving as the bottom electrode of the device. Another 50 nm-thick
SiO2 layer was subsequently deposited as a protective layer, and a
number of via pores were constructed in this SiO2 layer by electron-
beam lithography (EBL, Raith eLINE Plus) and following inductively
coupled plasma (ICP, Oxford Instruments plasma 100) reactive ion
etching processes. Then an active region with the geometry of
~100 � 100 � 50 nm3 was formed and surrounded by the dielectric
SiO2 walls. Another ultraviolent lithography process was utilized to
pattern the top electrode before in-situ depositing the PCM layer
and topWelectrode. Then the excess materials of non-device areas
were removed by lift-off process. The electrical performance of the
PCRAM devices were characterized by Keithley 2400C sourcemeter
and Tektronix AWG5202 pulse generator for resistance measure-
ment and nanoseconds voltage pulses generation (with aminimum
width of ~4 ns), respectively.

2.3. Flash differential scanning calorimetry (FDSC) measurements

Power-compensation DSC was performed by using a Mettler-
Toledo FDSC 1 instrument with the sensor chips (USF-1) each
containing working and reference areas. The ~200 nm-thick
SbeSiO2 films for the FDSC measurements were deposited on
crystalline NaCl substrates. Small SbeSiO2 flakes were scraped off
from the substrate and then transferred onto the working area of
the sensor chip. The heating rates F varied from 20 to 40,000 K s�1.
At each F, measurements were repeated at least 3 times for low F
and 5e10 times for high F, as the values of the crystallization
temperature become more scattered at high F. Thermal lag and
temperature calibration of the FDSC are evaluated in detail in the
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Supplementary Information. Detailed methodology of Kissinger
fitting can be found in our previous work [33]. The viscosity model
used in this work is illustrated in the Supplementary Information.
Since the SbeSiO2 flakes were only one-side capped, it is appro-
priate to compare the FDSC results with those of uncapped GST
films [34].
3. Results and discussion

3.1. Structural transformation and thermal stability of amorphous
SbeSiO2 films

Due to the explosive-crystallization nature of bulk Sb films [35],
stabilizing the amorphous phase has for long time been an
intriguing but challenging task [29]. At room temperature, the
amorphous phase in pure Sb films only exists below ~5 nm in film
thickness [29,32], while in our SbeSiO2 case, amuch thicker sample
(~120 nm) is still capable of retaining the amorphous phase,
exhibiting an initially high sheet resistance of ~106 U/, (Fig. 1A).
The as-deposited amorphous SbeSiO2 film crystallizes at ~198 �C,
i.e., the crystallization temperature (Tc), (Fig. 1A), accompanied by a
sharp drop in sheet resistance at around the Tc. In comparison, the
GST film of the same thickness has a lower Tc ~172 �C. Also note that
the amorphous SbeSiO2 film possesses a higher activation energy
Fig. 1. (A) Temperature dependent sheet resistance of the as-deposited ~120 nm-thick GST
defined as the temperature where the maximum 1st order of derivative occurs in the resi
SbeSiO2 thin films sandwiched by SiO2 layers. The data were fitted using Arrhenius equation
certain isothermal heating temperature, becomes half of its initial value; A is a proportion
spectrum of the SbeSiO2 thin films. The sample was not capped with SiO2 layer, therefore th
the inner materials (red curve) is avoided from oxidation. (D) Bright field HRTEM image of
amorphous SiO2 regions, surrounding crystalline Sb nanocrystals. The inset shows the corr
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of crystallization (Ea) ~2.88 eV than that of the GST film ~2.21 eV
(Fig. 1B). As a consequence, the amorphous SbeSiO2 film displays
significantly better ten-year data retention ability (~100.2 �C) than
that of the GST competitor (~82.8 �C) (Fig. 1B).

One may intuitively attribute the strengthened amorphous
phase of the SbeSiO2 film to just a simple doping phenomenon, as
many Si or O doped PCMs possess enhanced thermal stabilities [36]
that should be ascribed to the formation of additional rigid chem-
ical bonds between Si/O and phase-change elements. To clarify
whether this is also valid in the SbeSiO2 case, we carried out XPS
measurements to investigate the bonding status of its amorphous
phase. The electronegativity of O (3.5) is considerably larger than
that of Si (1.8), therefore SbeO bonds should be more prone to form
than SbeSi bonds if both Si and O dopants are introduced into Sb
simultaneously. We firstly checked the situation of the SbeSiO2
surface, using the naturally oxidized Sb as a reference (the black
curve in Fig. 1C). Apart from the binding energy of the metallic
SbeSb bonds, i.e., 3d5/2 (528.2 eV) and 3d3/2 (537.6 eV) [37], another
two peaks emerge at 530.5 and 539.9 eV, matching well with
binding energy values of SbeO 3d5/2 and 3d3/2 in Sb2O3 [38]. Then
we in-situ etched the film for ~20 nm in XPS chamber and char-
acterized the chemistry again (the red curve in Fig. 1C). For the
inner part of the SbeSiO2 film, only the peaks for metallic SbeSb
bonds can be observed, implying that the nano-composited Sb
and SbeSiO2 thin films sandwiched by SiO2 layers. The heating rate is 60 K min�1. Tc is
stance-temperature curve. (B) Data retention abilities for the ~150 nm-thick GST and
t ¼ Aexp (Ea/kBT), where t is the time to failure when resistance of amorphous films, at a
ality constant; Ea is the activation energy, and kB is the Boltzmann constant. (C) XPS
e surface layer (black curve) was oxidized showing peaks belonged to the Sb2O3, while
the 250

�
C-annealed ~12 nm-thick SbeSiO2 films. Areas circled in red denote for the

esponding SAED pattern.



Y. Chen, B. Chen, L. Sun et al. Materials Today Physics 22 (2022) 100584
areas may contain a verymarginal concentration of Si or O element.
It is the severe surficial oxidation under the circumstance of no
caping layer that causes the appearance of rich SbeO contents in
the upper part of the SbeSiO2 film, while in a normal (protected)
case, the Sb and SiO2 regions inside the SbeSiO2 film should be
spatially well separated.

We then conducted TEM observations to further verify such a
micro morphology of the SbeSiO2 film. To better distinguish the
SiO2 and Sb regions, we annealed the as-deposited specimen at
250 �C for 3 min to turn amorphous Sb areas into crystalline
(Fig. 1D), whereas the SiO2 regions remain amorphous, shown as
the brighter areas in the bright field TEM image (redly circled in
Fig. 1D). The selected area electron diffraction (SAED) pattern ex-
hibits sharp diffraction rings, matching well with the hexagonal Sb
lattice (R 3ð Þ m, space group 166, a ¼ b ¼ 4.30 Å, c ¼ 11.22 Å [39])
and confirming the polycrystalline nature of the annealed SbeSiO2
thin film. The amorphous SiO2 areas can serve as nano-
confinements restricting the Sb areas into nanoparticle-like
shapes at the diameters ranging between ~5 and 20 nm. Akin to
the thickness reduction, the geometrical miniaturization and
confinement in nano scale together help to remarkably improve the
amorphous stability of the Sb. Interestingly, we also found that the
amorphous SbeSiO2 film has a pretty stable resistance state upon
aging for ~800 s, showing a small drift coefficient v (~0.004) that is
much lower than that of the amorphous GST counterpart (~0.031)
(Fig. S1 in the Supplementary Information).

3.2. SET speed of SbeSiO2 and GST PCRAM devices

Note that due to the pretty high melting point (Tm), SiO2 is
thermally robust to retain its microstructure even being heated to
~1,300 K [40], far beyond the Tm of PCMs, i.e., ~900 K. Therefore, the
SiO2 nano-areas can mainly serve as the non-phase changeable
confinements that will not essentially degrade the phase-change
performances, for instance, the PCRAM device based on a nano-
composite GST-SiO2 shows a comparable endurance (107 cycles)
with conventional GST one [41]. However, the nano-confinements
can exert substantial influence on the crystallization behaviors.
We therefore measured the SET speed of the SbeSiO2 and GST
PCRAM devices (Fig. 2A). The mushroom-type PCRAM device has a
contact area of ~100 � 100 nm2 between the PCMs and bottom
electrode. Electrical pulses with fixed width but increasing voltage
magnitude were applied to SET (crystallize) the devices. The GST
device can be fully crystallized under the SET bias ranging from ~3.5
to ~6.0 V, corresponding to the SET time from 50 to 6 ns (Fig. 2B). As
a comparison, the SbeSiO2 device with identical geometry can
reach the SET state at a much lower voltage bias (~1.7e~2.3 V) with
analogous pulse width of 50 to 6 ns (Fig. 2C). A faster SET speed of 4
ns can be achieved by the SbeSiO2 devices, under a little larger SET
voltage bias ~2.5 V.

Comparison of the SET speed values as a function of SET voltage
between the two devices is shown in Fig. 2D. It is clear that at
~2.5e3.0 V, the SbeSiO2 device can be ~2 orders of magnitude
faster than the GST counterpart. Such a faster crystallization nature
of SbeSiO2 PCM seems to conflict with its thermally stabler
amorphous phase. The latter may be originated from the suffocated
atomic diffusion near room temperature caused by the SiO2 con-
finements, whereas the atomic mobility may also be weakened at
high crystallization temperatures, slowing down the crystal
growth. It is worth reminding that, as a growth-dominated PCM,
bulk Sb has a rather low nucleation rate during crystallization [42].
If the crystal growth and nucleation momentums are both
restricted, how can the SbeSiO2 PCM crystallize that faster than the
GST? We need to clarify the kinetics-related puzzle throughout the
whole temperature range of supercooled liquid regime via FDSC
4

analyses.

3.3. Crystallization kinetics of SbeSiO2 film

The FDSC studies have successfully unraveled the crystallization
kinetics in many PCMs [34,43,44]. Heating rates ranging (F) from
20 to 40,000 K s�1 were carried out to crystallize the as-deposited
~200 nm-thick SbeSiO2 thin film flakes. Typical FDSC traces with
background subtracted are represented in Fig. 3A, where increasing
the F from 20 to 40,000 K s�1 shifts the crystallization peak tem-
perature (Tp) from ~493 to ~544 K. The dependence of Tp on the F,
which allows us to analyze the crystallization kinetics, is then
depicted in the Kissinger plot (Fig. 3B). The Tp data of GST derived
via FDSC [34] and conventional DSC [45] are also plotted here for
comparison. The SbeSiO2 films present a considerably rigorous
linear relation, abiding by the Arrhenius behavior even when the F
reaches the maximum of 40,000 K s�1. In contrast, the data of GST
films deviate from the Arrhenius behavior since very low F
(~100 K s�1), above which super-Arrhenius behavior is observed
with decreasing crystallization activation energy (proportional to
the slope of Kissinger plot). Similar to Sc-doped Sb2Te3 [43] and
AgInSbTe [46] PCMs, the broad temperature regime of Arrhenius
behavior in the SbeSiO2 films is a strong indication of the FTS
crossover in the viscosity h. Therefore, the generalized MYEGA
model intrinsically consisting of FTS crossover, with the help of
Johnson-Mehl-Avrami-Kolmogorov (JMAK) crystallization theory,
was adopted tomodel FDSC traces (with details of themethodology
shown in the Supplementary Information).

Fitting the Kissinger plot (solid curves in Fig. 3B) permits us to
reveal the h (equation S3 in the Supplementary Information) of the
supercooled PCM liquids. Fig. 3C illustrates the temperature
dependence of the h for supercooled SbeSiO2 and GST liquids be-
tween glass transition temperature (Tg) and Tm. The h of GST at Tm
via simulation [47] is also depicted in the figure (the diamond in
Fig. 3C), which agrees well with the data we derived. Note that the
Tg is determined as the temperature where the h reaches 1012 Pa s,
resulting in the value of Tg as 423 and 378 K for SbeSiO2 and GST,
respectively. The fragility m, defined as the slope of the viscosity at
Tg, namely, m ¼ d½log10h ðTÞ�=dðTg =TÞjT ¼ Tg , is determined to be
~55 for the SbeSiO2 supercooled liquids, much lower than that of
the GST (m ~102).

In the light of the relations between the h and the T (tempera-
ture), supercooled liquids are classified into two categories: strong
liquids such as silica follow Arrhenius behavior in the whole tem-
perature regime, while fragile liquids like o-terphenyl obey super-
Arrhenius behavior [48]. Thus, the strong liquids display a consis-
tent activation energy for viscosity (Eh) while the Eh of fragile liq-
uids increases when the T is approaching Tg, indicating a severe
viscosity drop when the temperature is elevated above Tg. Obvi-
ously, GST is more fragile than SbeSiO2 as approaching Tg. In the
temperature below 1000/T ¼ 1.75, i.e., T < ~571 K, the h of SbeSiO2
is several orders of magnitude larger than GST, implying strong
suffocation of atomic diffusivity in the SbeSiO2 supercooled liquids.
But at elevated temperatures (>~600 K), its h sharply decreases to
equivalent values to GST, allowing fast atomic diffusivity for crystal
growth.

This enlarged contrast in crystallization kinetics is mainly
originated from the FTS crossover of SbeSiO2 system. The FTS
crossover can be quantitatively scrutinized via evaluating Eh ¼
kBdlnðh =h0Þ=dð1 =TÞ, with kB the Boltzmann constant. Above Tg/
T ¼ 0.85 (T < ~498 K), the Eh of SbeSiO2 reaches a plateau (Fig. 3D),
indicating the complying of Arrhenius behavior in this low tem-
perature range, while above this temperature, the Eh decreases
continuously and becomes close to 0 at Tg/T ¼ 0.65 (T ~650 K),
implying a super-Arrhenius behavior with sharply increased atomic



Fig. 2. (A) Schematic of the SbeSiO2- and GST-based PCRAM device with identical geometry, namely, ~120 nm-thick PCMs as the storage medium, ~100 � 100 nm2 of contact area
between the bottom W electrode and the PCMs, ~50 nm-thick SiO2 dielectrics as confining walls acting as electrical and thermal insulating layer, and a ~40 nm-thick W layer as top
electrode. The red mushroom inside the PCMs denotes for the active area where phase change occurs. (B)e(C) Cell resistance as a function of SET voltage under various SET pulse
widths for GST- and SieSiO2-based PCRAM, respectively. (D) Comparison of SET speed between SbeSiO2- and GST-based PCRAM devices with identical geometry.
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diffusivity (Fig. 3D). The inflection point of the Eh can be deter-
mined as the FTS crossover temperature (TFTS). Contrarily, no FTS
crossover is observed in the GST. The FTS crossover may stem from
the increased Peierls distortion in short range and the formation of
energetically favorable networks in medium range upon quenching
the supercooled liquids [49,50]. The SiO2 nano-confinements may
help localizing electrons nearby the SbeSiO2 interfaces [51], devi-
ating from the metavalent bonding scheme that prefers six equal
bonds in much fragile Sb liquids at high temperatures [50]. With
the FTS crossover, we simultaneously attain the superior thermal
stability of amorphous SbeSiO2 at low temperatures approaching
Tg and the considerably high atomic mobility at elevated temper-
atures, ensuring long data retention and fast crystal growth ve-
locity, respectively. One need to note that a proper value of TFTS is of
necessity for acquire fast but persistent PCRAM performances,
because a very high TFTS, e.g., > ~500e600 K, may lead to viscous
flow during SET operation (typically performing at ~600e700 K),
while a too low TFTS, e.g., < ~400 K, probably causes diffusive fluids
resulting in substandard data retention ability.

3.4. Crystal growth and heterogeneous nucleation of SbeSiO2 film

Analogous to previous FDSC studies, crystallization process is
simplified as that crystals grow in all the pre-existing nuclei
[33,34]. After fitting the Kissinger plot in Fig. 3B, the crystal growth
rate U as a function of temperature can be determined for SbeSiO2
and GST PCMs, as shown in Fig. 4A (see equation S1 and the
5

detailed methodology in the Supplementary Information). The
maximum growth rate (Umax) of SbeSiO2 is ~2.1 m s�1, taking place
at ~0.77 Tm (T ~691 K with Tm ~898 K in Fig. S2 in the Supple-
mentary Information). The evidently lower Umax than previous
value (~20e60 m s�1) [42,52] indicates the slowing down of the
atomic diffusivity by the SiO2 confinements. As a comparison, the
GST presents a comparable Umax ~1.9 m s�1, occurring at ~0.70 Tm (T
~630 K), with Tm ~900 K [34]. The Umax of GST is in good agreement
with previous data (~0.5e3 m s�1) derived via various measure-
ment such as FDSC and electrical measurement in PCRAM devices
[33,34,53]. According to Stokes-Einstein relation, the atomic diffu-
sivity D is inversely proportional to the h (U f Df h�1). In PCMs,
fractional Stokes-Einstein relation is ubiquitously observed inmany
systems [33,34,54], resulting in U f Df h�x, with x < 1: The x is
determined to be ~0.67 for both SbeSiO2 and GST through fitting.
Due to the remarkably higher h of SbeSiO2 compared to the GST, a
strikingly slower U is perceived below ~0.72 Tm (T < ~648 K), with
the maximum difference ~5 orders of magnitude. Apparently, the
~2 orders of magnitude faster SET speed of SbeSiO2 device cannot
only be ascribed to the crystal growth. Nucleation prior to crystal
growth must lend the most credits to the faster crystallization of
SbeSiO2.

We then calculated the nucleation rate of the SbeSiO2 and GST
(with details seen in the Supplementary Information), as illustrated
in Fig. 4B. In homogeneous situation, the steady-state nucleation
rate (Isshom) of SbeSiO2 is ~10 orders of magnitude lower than GST in
the whole temperature range (~400e800 K). Besides, the effective



Fig. 3. (A) FDSC traces of ~200 nm-thick SbeSiO2 thin films with heating rate F ranging from 20 to 40,000 K s�1. (B) Kissinger plot of SbeSiO2 and GST thin films, with the data for
FDSC and conventional DSC obtained from previous works by Orava et al. [34]. and Park et al. [45]. (C) Temperature dependent viscosity h of SbeSiO2 and GST supercooled liquids, in
between their glass transition temperature Tg and melting points Tm. The Tg is determined as the temperature where h reaches 1012 Pa s. The viscosity data at Tm for GST is derived
from simulations [47], matching well with our data. (D) The viscosity activation energy (Eh) as a function of Tg scaled temperature, where Eh for SbeSiO2 reaches a plateau when
quenched toward Tg, while that of GST increases monotonically. The fragile-to-strong crossover temperature is determined as 498 K for SbeSiO2.

Fig. 4. (A) Crystal growth rate U in dependent of temperature of SbeSiO2 and GST supercooled liquids in the regime between Tg and Tm, with the maximum U (Umax) noted in the
plot. (B) Steady-state nucleation rate (ISS) of GST in homogeneous manner (abbreviated as Homo.) and SbeSiO2 in both homogeneous and heterogeneous (abbreviated as Hetero.)
manners with the contact angle q of 90 and 60.

Y. Chen, B. Chen, L. Sun et al. Materials Today Physics 22 (2022) 100584
time lag t* of SbeSiO2 is many orders of magnitude higher than the
GST in this temperature regime (Fig. S3 in the Supplementary In-
formation), indicating longer time required for the incubation of
over-critical nuclei for subsequent crystal growth. The character-
istics of comparable Umax, lower Isshom, and higher t* in SbeSiO2
6

supercooled liquids obviously yield opposite results to the much
faster SET speed attained.We are convinced that the heterogeneous
nucleation [55] must play the crucial role in boosting the crystal-
lization speed of SbeSiO2. The heterogeneous nucleation rate (Isshet)
of SbeSiO2 with a wetting angle q of 90 is comparable to GST at
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temperature above ~550 K, below which it is still several orders of
magnitude lower than the Isshom of the GST. However, taking the
q ¼ 60

̊

entails the larger Isshet of SbeSiO2 at above ~470 K. At the T
~600e700 K, the Isshet of SbeSiO2 is ~8e15 orders of magnitude
higher than the Isshom of GST. Moreover, the Isshet of SbeSiO2 keeps at a
high value in the temperature range from ~600 to ~700 K, while the
Isshom of GST in the same temperature regime drops to ~8 orders of
magnitude lower than its maximum value at T ~520 K. It is
noticeable that the value of the q here is just a conjecture to
demonstrate the presence of heterogeneous nucleation in SbeSiO2.
Our calculations strongly suggest that the SiO2 nano-confining
substances can catalyze the heterogeneous nucleation, remark-
ably promoting the nucleation rate prior to crystal growth that
eventually boosts the SET operation in devices.

4. Conclusions

Bulk Sb films are volatile in storing amorphous state data. Via
nanosize confinement using SiO2, two seemingly irreconcilable
features of fast crystallization speed and persistent amorphous
state are simultaneously woven into the ~120 nm-thick nano-
composite SbeSiO2 PCM. An obvious FTS crossover in the nano-
confined supercooled Sb liquids suppresses the atomic diffusivity
for low-temperature regime but retains high fluidity at elevated
temperatures. Consequently, it becomes more viscous than GST for
better data retention at room temperature, while its comparable
viscosity with GST permits a close crystal growth rate (~2 m s�1) at
~600e700 K. The SiO2 confinements also substantially enhance the
heterogenous nucleation rate of the SbeSiO2 nano-composite,
facilitating an overall ~2 orders of magnitude faster SET operation
speed against the GST device. Our work demonstrates a feasible
approach of designing nano-composite PCMs via tailoring the ki-
netics to pursue fast but persistent phase-change properties for
potential working memory applications.
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