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Fragile-to-strong crossover in optimized In-Sb-Te phase-change supercooled liquids
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‘We have deposited In-doped Sb,Te, (x : y = 2 : 3, 1:1, 3:1, 4:1) phase-change films, and studied their physics
properties like crystallization temperature, activation energy, and optical band gap. On the basis of these
parameters, a balance between thermal stability and crystallization speed can be found when In content is
20 at. %. We thus further studied their crystallization kinetics using the flash differential scanning calorimetry
and the generalized Mauro-Yue-Ellison-Gupta-Allan viscosity model to investigate the potential fragile-to-strong
crossover (FSC) in Inyy(SbyTes)s0, Inyg(SbTe)so, Inyg(SbsTe)go, and Inyg(SbsTe)so supercooled liquids. It was
found that, Inyy(SbsTe)gy has a large crossover magnitude (f) of 2.4 with a distinct FSC behavior, but its
maximum crystal growth rate (Up,x) of 0.047 m s~ is too low to satisfy the high-speed phase-change application.
The crystal growth rate of In;SbTe, (Ins; Sb;;Tes;) was found to be 0.08 m s~! without distinct FSC. In contrast,
Inyy(SbyTe)sy was demonstrated to have a larger Upa of 0.425ms™! and a distinct FSC behavior with a f
value of 2.6, which is larger than that of typical phase-change supercooled liquid Ags sIne sSbsoTeq. The results
strongly support that, obvious FSC is unique only in some phase-change supercooled liquids, but not a universal

dynamic feature.
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I. INTRODUCTION

Phase-change memory is considered as a leading candidate
for next-generation information storage since it is nonvolatile
with fast writing speed, low energy consumption, and high
storage density. Digital information is recorded based on the
significant difference in electrical resistance and/or optical
reflectivity between crystalline and amorphous chalcogenide-
based phase-change materials (PCMs) [1]. During the phase-
change process, the Joule heating by long low or short high
pulses gives rise to crystallization, or melting and subsequent
amorphization, respectively [2]. If ignoring the influence of
nucleation rate, latent heat of melting and heat capacity, as
well as the temperature matching between the PCMs and
phase-change device, the maximum crystal growth rate (Upax)
and melting temperature (7y,) in PCMs mainly determine
the writing speed and energy consumption for the phase-
change memory cell. Moreover, a good thermal stability with
high crystallization temperature, which is usually close to
the glass-transition temperature (7;) in PCMs, is in favor to
improve the data storage security. Generally, the smaller Ty,
(Ty/Tn — m/505, m is the supercooled liquid fragility) is, the
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larger U,y is [3]. Therefore, it is a dilemma to have a single
material with excellent properties of both high crystal growth
rate and good thermal stability.

The addition of various dopants into PCMS is an efficient
method to modify the properties of the materials. For example,
Sb-Te alloys have a high crystallization rate but a low thermal
stability [4]. With the addition of the dopant, the thermal
stability can be improved easily, but the crystallization rate
would be sacrificed significantly. This has been demonstrated
in Ge [5], Si [6], Zn [7], and Ti [8]-doped Sb-Te systems. In
addition, the doping of In has been reported to increase the
specific temperature and activation energy for crystallization
and hinder the crystal growth rate [9]. However, in In-Sb-Te
phase-change system, previous reports focused on a pseu-
dobinary alloy along InSb-InTe tie line, like In3SbTe,, which
has metastable rocksalt structure with Sb and Te randomly
disordered on the anion position [10], presenting good ther-
mal stability and fast phase-transition speed [11]. Recently,
the compositions out of InSb-InTe tie line have also been
discussed, like In{5SbyszTeyn, InpsSbigTesg, and Ing;SbisTesq
films [12]; all of them have high-speed erasing and long-term
retention ability. In-doped Sb,Te [13], Sb;Te; [14], and Sb,Te
[15], were also designed in the applications in phase-change
random memory and optical disk.

Most of above investigations focus on the crystalliza-
tion behavior and thermal stability in phase-change films,
but rarely refer crystallization speed, which is expected to
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play an important role in data recording process. Under-
standing the crystallization kinetics is the key to design the
fast crystallization speed close to 7, and/or good thermal
stability (low crystal growth rate) nearby 7,. By using the
method of a novel ultrafast calorimetry, the flash differential
scanning calorimetry (DSC) that has a wide heating rate
range from 10 to 40000K s~!, together with the general-
ized Mauro-Yue-Ellison-Gupta-Allan (g-MYEGA) viscosity
model, Orava er al. revealed a fragile-to-strong crossover
(FSC) behavior in the supercooled Ags sIng sSbsgTesg (AIST)
liquid [16]. Strong FSC behavior present in phase-change
supercooled liquids (PCLs) implies that both an ultrahigh
crystal-growth rate close to Ty, and an ultralow crystal-growth
rate near 7, could coexist in a single material, which is an ideal
candidate to solve the contradiction between thermal stability
and crystallization rate. The crystallization kinetics in other
two conventional PCMs, Ge,Sb,Tes [17] and GeTe [18,19],
have been investigated by the flash DSC but no distinct FSC
behaviors were found in the supercooled liquids. However,
the In-Sb-Te phase-change films, such as the pseudobinary
In;Sb;Te, and other components that are away from InSb-
InTe tie line, are claimed to have both good thermal stability
and high crystallization speed, indicating the FSC behavior
may present in their supercooled liquids.

The purpose of this paper is to explore crystallization kinet-
ics and FSC behavior in In-Sb-Te phase-change supercooled
liquids by the flash DSC and g-MYEGA viscosity model.
We first optimized film compositions in In-doped Sb,Te,
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system with high-performance phase-change properties, like
the crystallization temperature, the crystallization activation
energy, 10-y data retention, and the optical band gap, and then
studied the crystallization kinetics to explore the potential
FSC behavior in their PCLs. We found that, while FSC can
be found in Inyo(SbsTe)go and In,o(SbsTe)gg, the absence of
FSC in Inyp(SbyTes)so, Inyg(SbTe)gy, and In3SbTe, suggests
that FSC is not a universal feature in PCLs.

II. MATERIALS AND METHODS

Amorphous In-doped Sb-Te films were deposited on the
substrate of silicon by the magnetron cosputtering method
using separated In and Sb,Te, (x : y=2:3, 1:1, 3:1, 4:1)
targets, and Ins; Sby7Tes, (In3SbTe,) films were deposited by
InSb and InTe targets. In each deposition, the chamber was
evacuated to 3 x 107 Pa and the working pressure was set
at 0.35 Pa. The thickness of the deposited films, which was
in situ recorded by a thickness monitor equipped in the
vacuum chamber and ex situ checked by Veeco Dektak 150
surface profiler in air, is about 400 nm. The composition
of the films was examined by the energy-dispersive x-ray
spectroscopy. The temperature dependent sheet resistance
(R-T) of the deposited film was measured by the four-probe
method with a heating rate of 60 K min~!. The scraped-off
flakes from the deposited films were carefully transferred onto
UFS-1 chip, and their calorimetric parameters were measured
by the Flash DSC from Mettler-Toledo Co. at a heating rate
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FIG. 1. Temperature dependence of sheet resistance for (a) In-Sb,Tes, (b), In-SbTe (c), In-SbsTe, and (d) In-Sb,sTe. The heating rate is
60 K min~!. The inset in each figure represents the corresponding differential result (dR/dT). (d) is reproduced from the previous work [21].
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range from 20 to 40 000 K s~!. In order to obtain the specific
temperature and latent heat for melting, In-Sb-Te bulks were
fabricated by melt-quenching method, and about 10 mg ma-
terial was sealed into an aluminum pan for conventional DSC
measurement at a heating rate of 10 K min~'. The Johnson-
Mehl-Avrami (JMA) numerical simulation was performed
and discussed here to help the study of crystallization kinetics,
and a thermal lag issue in the measurement of Flash DSC was
also emphasized with a thermal conductivity of amorphous
In-Sb-Te from the Supplemental Material of Ref. [10]. See
these details in the Supplemental Material [20].

II1. RESULTS

A. Screening high-performance materials in In-Sb-Te system

Figures 1(a)-1(d) show the temperature-dependent sheet
resistance at a heating rate of 60 K min~! for pure and In-
doped Sb,Te, (x:y=2:3, 1:1, 3:1, 4:1), respectively. A
continuous decrease of the sheet resistance can be found in the
heating process for these phase-change films. In each curve, a
sharp drop of the sheet resistance at the specific temperature
is detected due to the crystallization. The minimum of the first
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derivative of the temperature-dependent sheet resistance curve
is determined as the peak temperature (7,) for crystallization
as shown in the inset in Fig. 1. Obviously, the larger In doping
is, the higher T} is.

Figure 2 shows the activation energy for crystallization
(E,) and the temperature that data can be stored safely for
10 years (Tigy) for these films. The latter one is an efficient
parameter to evaluate the amorphous thermal stability. £, and
Tioy can be extrapolated by fitting the Arrhenius plot of 1/kgT
vs failure time ¢ as [22],

t = texp(E,/kgT), ()

where 7 is a proportional time constant, kg is the Boltz-
mann constant. The failure time ¢ is defined as the time
when the sheet resistance decreases to its initial value at
the specific temperature 7. Apparently, the larger In dop-
ing is, the higher Ty is. For E,; however, it decreases
slightly for In-doped SbTe and SbsTe and is saturated for
In-doped Sb,Te; and SbsTe films when the In content is more
than 20 at. %.

In PCMs, optical band gap E, is useful to characterize the
degree of the disorder. It can be extrapolated from photon
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FIG. 2. Activation energy for crystallization and 10-y data retention temperature for (a) In-Sb,Tes, (b), In-SbTe (c), In-SbsTe, and (d)

In-Sb,Te. (d) is reproduced from previous work [21].
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FIG. 3. Tauc plots for (a) In-Sb,Tes, (b) In-SbTe, (c) In-Sb;Te, and (d) In-Sb,Te, respectively.

energy (hv)-dependent absorption coefficient () by the Tauc
plot [23],

ahv = B(hv — Ep)", ()

where § is the Tauc parameter, i is the Planck constant,
v is the frequency, and n is a number depending on the
optical transitions, which is 1/2 for the chalcogenide phase-
change film [23]. Figure 3 exhibits the Tauc plots of In-Sb-Te
amorphous films and their corresponding E, values. It is found
that E; increases with increasing In doping up to 20 at. %.
With further doping, E, continues to increase in In-doped
Sb;Te and Sb,Te, but is changeless in In-doped Sb,Te; and
decreases in In-doped SbTe films. Moreover, In-doped Sb, Tes
and SbTe films have larger E, than In-doped Sb3Te and
Sb,Te, indicating a larger disorder degree. This is in good
agreement with the results shown in Fig. 1, i.e., the differences
in sheet resistance between amorphous and crystalline state of
In-doped Sb,Tes, SbTe, Sb;Te, and SbyTe, are 3, 3, 5, and 5
orders of magnitudes, respectively.

All the characteristic parameters including T,, E,, Tioy,
and E, for In-doped Sb,Te, films are presented in Fig. 4.

As we know, the higher 7, and Tjpy and the larger E, are
a benefit to improve amorphous thermal stability, and the
larger E, is necessary to obtain higher ratio of signal to noise.
According to the results shown in Fig. 4, it can be concluded
that, the larger In doping is, the higher 7, Tioy, and larger
E,, E, are. Although the thermal stability and ratio of signal
to noise improve obviously, the phase-transition speed or
the crystallization rate would be sacrificed significantly with
increasing dopant. Nevertheless, such parameters appear to
reach a maximum value in In-Sb,Te, films with In content
of 20 at. %, implying that a balance between good thermal
stability and high crystallization speed might be achieved. In
our previous work [24], E, and Tioy, were extrapolated by
strict Arrhenius behavior to evaluate the thermal stability, and
then the optimal dopant content of Zn in Sb-Te alloys for
high-performance PCMs was determined to be ~30 at. %.
However, the low scanning rate with narrow test temperature
range could result in a pseudo-Arrhenius behavior. The ex-
periments performed at fast scanning rate with a broad range
of temperature are suitable to investigate the crystallization
kinetics in the supercooled liquids. In terms of this, flash
DSC that can provide the ultrafast scanning rate more than
40000 K s~! could be a powerful tool.
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B. Fragile-to-strong crossover of In-Sb-Te supercooled liquids

Recently, the flash DSC has been used to study the crystal-
lization kinetics of PCLs, giving the information like thermal
stability and crystallization speed. For example, Ge,Sb,Tes
(GST) and GeTe were demonstrated to have large fragility
with fast crystallization rate; AIST was confirmed to have FSC
behavior that can solve a dilemma between thermal stability
and crystallization speed.

Although the study of the crystallization kinetics of In —
Sb,Te films using flash DSC has been reported, the bad fitting
quality and inadequate analysis based on Mauro- Yue-Ellison-
Gupta-Allan (MYEGA) viscosity model lead to an ambiguous
result that no FSC behavior exists in such PCLs [21]. We here
employed the g-MYEGA viscosity model to investigate the

possible FSC behavior in In-Sb-Te PCLs. Flash DSC traces of
Inyy(Sb,Tey)so are shown in Fig. 5. The peak temperature for
crystallization 7, with a strong exothermic signal can be found
in each heating trace. It becomes higher when the heating rate
is faster. These data are all performed in Fig. 6 as the Kissinger
plot in the form of 1000/7, vs 1n(¢/Tp2) for crystallization
[25],

In(¢/T,%) = —Q/RT, + A, 3)

where ¢ is heating rate, Q is the activation energy for crys-
tallization, R is the gas constant as 8.314 J(mol - K)~!, and A
is a constant. From 7, values obtained from flash DSC and
R-T measurements, it is found that, the activation energy Q
becomes curved and decreases with increasing heating rate,
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FIG. 5. Flash DSC traces for (a) Inyo(SbyTes)so, (b) Inag(SbTe)sg, (¢) Inyg(SbsTe)so, and (d) Inyg(SbyTe)so films. The heating rate is in the

range of 20 to 40 000K s~!. (d) is reproduced from previous work [21].

implying a strong non-Arrhenius behavior in the In-Sb-Te
PCLs.

Henderson confirmed that [26] the Kissinger method can
be used for crystallization kinetics study when the temperature
T, is equal to Tpes (the temperature at which crystallized
fraction is 0.63). This was also emphasized recently by Orava
and Greer [27], who claimed that the unreliable threshold of
the heating rate for the Kissinger method used to estimate
an approximation of crystal growth rate is 10000 K s~! for
the phase-change material Ge,Sb,Tes. Here, the JMA nu-
merical simulated DSC traces with heating rates from 20 to
40000K s~! and the corresponding crystallized fraction of
these In-doped Sb-Te PCLs are studied (see the details in
Fig. S3 and Table S1 of Supplemental Material [20]). It was
found that, the difference between 7, and g3 is presented
more or less in Inyy(SbyTes)gp, Inyg(SbTe)gy, Inyg(SbsyTe)g
(as well as In3SbTe, that will be discussed later) when
the heating rate ¢ is more than 5000 K s~!, indicating the
Kissinger plots of these PCLs (see Fig. 6) could not be
considered as the crystallization kinetics coefficient Uy, di-
rectly. However, by the help of JMA numerical simulation,
the true temperature-dependent Uy, can also be obtained.
For Iny(SbsTe)go, there is no obvious difference between 7,
and Ty 63 even at a heating rate of 40000 K s~!, implying the
Kissinger plot can be considered as Uy, directly.

On the basis of Stokes-Einstein relation of Uy, o< n~! that
describes the relationship between viscosity n and Ui, [28],
the logarithmic scale of Uy, can be expressed as

“

where C is a constant to illustrate the difference between
Usin and n~'. Here, we used g-MYEGA viscosity model to
describe the temperature-dependent viscosity 1 of In-Sb-Te
PCLs. The equation for g-MYEGA viscosity model is [29]

1

T[Wiexp (=) +Waexp (= 2)]

&)
where 1 is the viscosity at infinite high temperature, W; and
W, are the weight coefficients to describe the brittle and the
strong item, respectively. C; and C, are the two constraint
starting temperature constants corresponding to the two mech-
anisms of brittleness and strength, respectively. Together with
Egs. 4 and 5, Uy, can be expressed as,

logioUkin = C — 10g10700

logyUkin = C — logon,

logion = logionee +

1
T[W1 exp (—%) + W, exp (—%)] '
Together with the 7, data from flash DSC measurement
and the JMA numerical simulation at higher heating rate, the

(6)
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FIG. 6. Kissinger plots and the corresponding crystallization kinetics coefficient Uy, of (a) Inyo(SbyTes)sp, (b) Inyo(SbTe)gy, (c)
Inyo(SbsTe)gp, and (d) Inyo(SbsTe)so. The dashed curves are the Kissinger plots and the solid curves are the Uy, which are fitted by using
the g-MYEGA viscosity model. The solid and open symbols represent the values of T, obtained from flash DSC and R-T test, respectively.

temperature-dependent Uy, of In-Sb-Te PCLs can be extrap-
olated and the results are also shown in Fig. 6 as depicted in
solid curves. The corresponding fitting parameters are listed
in Table I. The crossover temperature T;_g can be estimated as
[30]

C -G

T = —_ 2
f InW, — InW,

(N

Such temperatures for In-Sb-Te PCLs are also listed in
Table 1.

Figure 7 shows the Angell plots for In-Sb-Te PCLs. The
thick curves represent the transposed Uin~', and the thin
ones indicate the temperature-dependent viscosity, which is
extrapolated by the g-MYEGA viscosity model. It is impor-
tant to know the exact value of T, for transposing the data

onto viscosity plots and deriving the fragility index as

m— dlogon . ®)
d(T,/T)

Depending on the standard viscosity of 10'? Pas at T, we
defined the T as 435, 445, 406, and 408 K, for Inyo(SbyTe3 )go,
Iny(SbTe)gg, Inyg(SbsTe)g, and Inyo(SbyTe)gg, respectively.
We note there could be no decoupling in these PCLs with the
FSC behavior, because the fragile liquid does not persist to
low temperature [16].

From the Angell plots, we can see that a distinct FSC
behavior exhibits in Inyo(Sb;Te)gy and Inyy(SbyTe)gyg PCLs,
but such a behavior becomes weak in Inyy(SbyTes)gy and
Inyo(SbTe)gp. In order to get insight into the FSC behavior,
we employed the MYEGA viscosity model to independently

TABLE 1. The fitting parameters estimated from temperature-dependent Uy;, by g-MYEGA viscosity model, as well as the T;_g, fragility

m, m’, and the crossover magnitude f.

PCLs Neo (Pa S) W1 Wz C[ Cz Tf,S (K) m m’ f
Inyo(SbyTes )so 1072 85 7.25 x 1074 6334 812 473 95 114 1.2
Tnyo(SbTe)go 10306 204 1 x 107 6757 20 445 99 153 1.5
Inyo(SbsTe)so 107301 5.8 x 10° 0.01 16 107 1673 533 77 188 24
Inyo(SbsTe)so 10300 251740 0.0012 10 690 816 517 86 222 2.6
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FIG. 7. Angell plots for In-Sb-Te PCLs, which are fitted by the
viscosity model of g¢-MYEGA. The thick curves are the transposed
Uyin~! from g-MYEGA viscosity model.

describe the temperature-dependent viscosity in strong and
fragile liquids. The MYEGA viscosity model can be written
as [31]

1 1 p— p— ( )
(6] =10 + —ex s 9
g107 21070 T p T

where 1, is the viscosity at infinite high temperature, B and C
are constants, both of which are related to the onset of rigidity
in the supercooled liquid. With the best fitting, fragility index
m and m’ for strong and fragile liquid can be estimated by
Eq. (8) at the temperature T = T, and T = T;_, respectively.
Such fitting process is shown in Fig. S5 of Supplemental
Material for In3SbTe, as an example [20]. The values of m
and m’, as well as the crossover magnitude f that is defined as
m’/m, are all listed in Table I. Inyo(Sb,yTes)gg, Inyg(SbTe)go,
Inyo(SbsTe)gg, and Inyo(SbsTe)gy PCLs have the f value of
1.2, 1.5, 2.4, 2.6, with the T;_g of 473, 445, 533, 517 K,
respectively.

t (min)
5

—
Q
N d

—— In,(Sh,Te,),,
—— In,,(ShTe),,

Heat flow (mW/mg)
endo. down

2r In,(Sb.Te),,
L —— In,(Sb,Te),,
3l
820 840 860 880 900
T (K)

Following previous works [19,25,28], we estimated the
temperature-dependent crystal growth rate U by the expres-
sion [32]

U = Uyin[l — exp(—AG/RT)], (10)

where Uy, is the crystallization kinetics coefficient that has
been obtained from the Kissinger plot, and AG is the driv-
ing force for crystallization. For chalcogenide supercooled
liquids, their AG should obey the formula suggested by
Thompson and Spaepen, which is [33]

_ AHLAT (2T
I T.+T)

AG (11)
where AT (Ty, — T) is the undercooling temperature, T, is the
melting temperature, and AH,, is the latent heat for melting.
The values of T, and AH,, for Inyg(SbyTes)sp, Inyg(SbTe)so,
Inyo(SbsTe)gg, and Inyy(SbsTe)gy, can be obtained from the
conventional DSC traces as shown in Fig. 8(a), and the results
are 890, 819, 832, 829 K, and 15.7, 19.1, 23.5, 18.2kJ mol !,
respectively. Taking the fitting parameters listed in Table I
into Eq. (10), the reduced temperature-dependent U can be
extrapolated as shown in Fig. 8(b). We found they have the
maximum crystal growth rate Up.,x of 0.002, 0.05, 0.035,
0.31ms~! at the corresponding reduced temperature Tax /Th
of 0.822, 0.788, 0.752, 0.785, respectively.

IV. DISCUSSION

The concept of FSC was first proposed for water by Angell
[34], and later found in liquid SiO, [35] and BF; [36], as well
as the metallic glasses like Cu-Zr-Al [30]. For chalcogenides,
it was confirmed that supercooled liquids GespSezo [37] and
Ge;5Tegs [38] have distinct FSC behavior. The conventional
chalcogenide PCM, AIST, was also revealed to have FSC by
studying its crystallization kinetics [16]. It is believed that
finding materials with large crossover magnitude f is a way
to solve the contradiction between fast crystallization close
to Ty, and good thermal stability nearby 7; in PCMs. Thus,
we optimized the PCMs in In-Sb-Te system and investigated
their crystallization kinetics with FSC behavior. Together with

0.5
(b)
In,(Sb,Te,),
0.4 - ——In,(SbTe),,
In, (Sb,Te),,
—~ 0.3 ——In,(Sb,Te),,
(V2]
g 02
D
0.1
0.0 -
0.5 0.6 0.7 0.8 0.9 1.0

FIG. 8. (a) Conventional DSC traces of In-Sb-Te alloys. The heating rate is 10 K min~". (b) Temperature-dependent crystal growth rate U
for In-Sb-Te PCLs. The thick and thin curves are the transposed and extrapolated results, respectively.
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FIG. 9. The logarithmic scale of temperature-dependent U for In-
Sb-Te. The dashed line represents the temperature dependent U of
AIST that was carried out by Orava et al. [17].

flash DSC and g-MYEGA viscosity model, we found that
Inyo(SbsTe)sy has a large f value of 2.4 with distinct FSC
behavior, but its low Up,.x might hinder it to be a candidate for
high-speed memory storage. Inyo(SbyTes)gp and Iny(SbTe)g
with small f values and low Uy, are suggested unsuitable
for phase-change memory too. Inyy(SbsTe)gy was revealed
to have both large f value of 2.6 and fast crystal-growth
rate Upax of 0.425ms~!. As redrawn in Fig. 9, we knew
the value of Upyy is about 1 ms~! for AIST, which is three
times larger than that of Inyo(SbsTe)sg. However, compared
to AIST, the larger f value makes it possible to be a PCM for
high-temperature memory storage. It should be noted that the
crystallization kinetics of In3SbTe,, which is the most famous
in In-Sb-Te system with a metastable rocksalt structure like
GST [10], was also studied using the same method and model
(see the details in the Supplemental Material [20]). We found
that In3SbTe, almost has no FSC behavior with very small f
and Upax of 1.1 and 0.08 ms™!, respectively (see the T}, and
AH,, in Fig. S6 of the Supplemental Material of Ref. [39])
Therefore, it is reasonable to conclude that In,y(SbsTe)g
material can be the best one for high-performance memory
storage in In-Sb-Te system.

Three issues may be the most important that need to be
solved in the FSC behavior in PCLs. The first is the mecha-
nism of FSC in PCLs. The competition among medium-range
ordering (MRO) clusters composed of different configurations
of the locally ordered structural units was claimed for FSC in
Cu-Al and Cu-Zr-Al metallic glass-forming liquids [30,40].
Wei et al. proposed that FSC in Ge;sTess liquid is not only
related to structural changes in MRO clusters, but also associ-
ated with the rate of expansion of short-range ordering (SRO)
[41]. Very recently, Zalden et al. associated the liquid-liquid
transition with Peierls distortion that accounts for the FSC in
Ge5Sbgs and AIST liquids [42]. It is unclear whether Peierls
distortion, SRO, and/or MRO clusters can be as the sole or
mixed structural origin for FSC behavior. The second is the
FSC behavior in confined PCLs. It has been reported that

GST and GeTe have no distinct FSC in their supercooled
liquids [18,19], but the obvious FSC behaviors are observed
in confined nanoparticle (zero-dimension) GST [43] and GeTe
[44]. Hence, it is interesting to search the FSC behaviors in
other confined PCLs, such as ultrathin films (two dimension),
nanowires (one dimension). The third is the universality of
FSC in PCLs. Mallamace et al. emphasized that the FSC
behavior has a larger generality than the traditional Angell
classification of liquids into two separate classes of glass
formers: fragile and strong [45]. Zhang et al. suggested the
FSC might be a universal dynamic feature in all metallic glass-
forming liquids from the data of the temperature-dependent
viscosity for many metallic glasses [29]. Orava et al. also
proposed such universal feature presents in PCLs, but no
more evidences to support this point [17]. The study of FSC
crystallization kinetics of In-Sb-Te in this work shows that the
distinct FSC exists in Inyo(SbsTe)gy and Inyg(SbiTe)gy, but
this is absent in Inyy(SbyTes)sg, Inyg(SbTe)gy, and InzSbTe,
supercooled liquids. It seems to indicate that FSC behavior is
not a universal dynamic feature in PCLs, but further investi-
gation is still needed.

V. CONCLUSIONS

In this work, the phase-change characters and crystal-
lization kinetics of In-Sb-Te films have been investigated.
We found that, when the content of In doping is 20 at. %
in In-Sb,Te, (x:y=2:3, 1:1, 3:1, 4:1), the films show
high crystallization temperature and activation energy for
long-term memory storage, and large optical band gap for
safe memory storage. The crystallization kinetics and FSC
behavior were studied by flash DSC and g-MYEGA viscos-
ity model. It was found that the optimized In,y(Sb,Tes)so,
Inzo(SbTe)go, IHQQ(Sb3Te)30, Il‘lgo(Sb4T€)go, and In3 SbT€2 has
the Upax of 0.036, 0.051, 0.047, 0.425, and 0.08 ms~!, at
the corresponding reduced temperature Tp./T, of 0.787,
0.7826, 0.756, 0.786, and 0.774, respectively. Among them,
Inyo(SbsTe)gy and Inyg(SbyTe)gy exhibit distinct FSC behav-
ior with a crossover magnitude f of 2.4 and 2.6, at the specific
temperature T;_g is 533 and 517 K, respectively. Therefore,
Inyo(SbsTe)sy film with a fast crystal growth rate and a
large crossover magnitude can be the best one for potential
applications in high-performance memory storage. Moreover,
the obvious FSC is unique only in some of the phase-change
supercooled liquids, and this seems to indicate that the FSC is
not a universal dynamic feature.
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