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ABSTRACT

Understanding crystallization kinetics is essential to select the high-performance materials for phase-change memory. By ultrafast differential
scanning calorimetry, we found the distinct fragile-to-strong crossover crystallization kinetics in ZnSb and Zn,sSbs,Te;g supercooled liquids.
ZnygSbs,Teyg inherits the excellent thermal stability around glass transition from ZnSb and exhibits faster crystal growth rate close to melting
temperature (Upa is 9.1 m s ') and larger crossover magnitude f (2.3), compared to the typical fragile-to-strong crossover material
Ag-In-Sb,Te. Such a material with a distinct fragile-to-strong crossover is helpful to improve their thermal stability nearby glass transition tem-

perature and accelerate the phase transition speed close to melting temperature.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5116046

In order to respond to the explosive increase in information
storage and processing, much research has been focused on the
development of nonvolatile memory and neuroinspired computing
technologies in recent decades.’ Phase-change memory bases on
chalcogenide materials, which are capable of switching rapidly and
reversibly between amorphous and crystalline phases via an electric
or optical pulse,” are leading candidates as the next nonvolatile
memory. Recently, an artificial neuron has been reported that uses
phase-change memory to realize an integrate-and-fire functionality
with stochastic dynamics,” and then weather data computing is
realized by using an array of one million phase-change cells.” The
crystallization dynamics of a phase-change cell or a material was
emphasized to reveal before realizing such neuroinspired data
computing.’

The mechanism of the crystallization dynamics in phase-change
materials has been discussed by studying the structural and kinetic
experiments. The tool named ultrafast differential scanning calorimetry
(DSC), which has fast scanning rate and high sensitivity, was performed
to kinetics experiments in phase-change supercooled liquids (PCLs),
such as Ge,Sb,Tes (GST),” GeTe,” and Ge,Sbys." Together with a suit-
able viscosity model, many important crystallization kinetic parameters,
i.e, supercooled liquid fragility, temperature dependent viscosity, and
crystal growth rate, have been deduced in such reports. Interestingly,
Orava et al. found a fragile-to-strong crossover (FSC) in Ag-In-Sb,Te
(AIST) supercooled liquid using DSC and a generalized Mauro-Yue-
Ellison-Gupta-Allan (g-MYEGA) viscosity model. Such FSC behavior
was also discovered in Ge;sTegs ' and ZnClL.'' In PCLs, the FSC
behavior supplies a chance to balance or alleviate the contradiction
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between fast crystallization speed in high temperature that is close to
T and a low crystal growth rate in low temperature that is nearby T,
Undoubtedly, the behavior is helpful to accelerate amorphous-to-crys-
talline transition speed and improve amorphous thermal stability in a
phase-change material. Recently, Chen et al. found that there is FSC
behavior in GST and GeTe nanoparticles,'”'” which may be due to the
dimensional limitation. It is believed that FSC appears to be widespread
in glass-forming liquids'* and may also be a general feature in marginal
glass-forming phase-change liquids.'” The key questions of FSC in PCLs
are what is the degree of FSC (f) and at which temperature does FSC
occur? It has been confirmed that the parameters of f and T¢ can be
tuned by doping in Cu-Zr-Al metallic glasses,® and the tuning of the fra-
gility of GST can be achieved by the addition of dopants, such as Al Bi,
C, and N."” Moreover, it was reported that the temperature dependent
crystal growth rate can change from a strong liquid to a weak liquid with
an obvious non-Arrhenius behavior by increasing the Ge content in Ge-
Sb PCLs."” These results imply that the concept of tuning and finding
the suitable Tt and high f value by doping or changing composition is
significantly important in developing optimized phase-change materials
for applications like the artificial phase-change neuron and so on.

In this work, we demonstrated an obvious FSC behavior in the
ZnSb material, which was confirmed to have a good thermal stability
and a reversible phase transition ability."” However, it exhibits a rela-
tively low crystallization speed in its supercooled liquid. Then, we
designed a Sb-rich Zn-Sb-Te material, which is considered as a candi-
date for performance trade-off between crystallization speed and ther-
mal stability’ and confirmed that it has an FSC behavior with both
ultrafast crystal growth rate in high temperature and very good ther-
mal stability in low temperature.

Sb-rich Zn-Sb-Te films with a thickness of 300 nm were depos-
ited on quartz and SiO,/Si(100) substrates by magnetron cosputtering
using different ZnSb and Sb,Te alloy targets, and ZnSb films with the
same thickness were grown by the sputtering method using a single
ZnSb target. The base and working pressures were set to 2 x 10~ * and
0.35Pa, respectively. The desired Zn,sSbssTejs (ZST) films were
obtained by tuning the sputtering power at 30 W for the ZnSb target
and at 50 W for the Sb,Te target. The stoichiometry of these two films
was examined by energy-dispersive spectroscopy. In order to obtain
the specific temperature and latent heat for melting, ZnSb and ZST
bulks were fabricated by the melt-quenching method, and about
10 mg material was sealed into an aluminum pan and tested by a con-
ventional DSC (TA Q2000) with a heating rate of 10K min~ ' in a
nitrogen-protected ambient. Flash DSC 1 was employed to study the
crystallization kinetics in ZnSb and ZST PCLs. The details of similar
measurement processes, thermal lag estimations, temperature calibra-
tion, and Johnson-Mehl-Avrami (JMA) numerical simulations, were
performed in the previous reports.””’

Figure 1(a) shows the ultrafast DSC traces of ZnSb. It can be seen
that the peak temperature for crystallization (T},) increases from 545 to
627K with the increase in the heating rate from 10 to 40000K s~ .
Figure 1(b) shows the ultrafast DSC of ZST; the value of T}, increases
from 548 to 593 K as the heating rate increases from 100 to 40 000 K's™ .
According to the JMA kinetic theory,”' we performed the numerical sim-
ulations of DSC traces for ZnSb and ZST, and the results are shown in
Figs. 1(c) and 1(e), respectively. In Figs. 1(d) and 1(f), there is no signifi-
cant difference in the value of T}, from the simulated and experimental
DSC traces even at a high heating rate. Moreover, no obvious divergence
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FIG. 1. (a) Ultrafast DSC traces for ZnSb at heating rates ranging from 10 to
40000K s~". (b) Ultrafast DSC traces for ZST at heating rates ranging from 100 to
40000K s~". (c) Numerical simulations of ZnSb DSC traces produced using the
g-MYEGA model with heating rates ranging from 10 to 40 000K s~". (d) Comparison
of experimental and numerical T, for ZnSb. (e) Numerical simulations of ZST DSC
traces produced using the g-MYEGA model with heating rates ranging from 10 to
40000K s~". (f) Comparison of experimental and numerical T, for ZST. The insets
of (a), (c), and (e) show magnified images of the experimental and numerical DSC
traces at low heating rates.

can be found between T3 (the temperature at which the crystallized
faction is 0.63) and T, as the heating rate is 40000K s~ and lower
(details are not shown in here), indicating that the Kissinger method is a
good approximation for crystalline growth.” We thus carried out the
Kissinger plots based on all T}, values obtained from ultrafast DSC and
in situ sheet resistance test, and the results are shown in Fig. 2(a). The
Kissinger method can be expressed as,””
Q

(9/17) = g

where Q is the activation energy for crystallization, R is the gas con-
stant (R=8.314 J/mol/K), A is a constant, and ¢ is the heating rate.
For these two plots, the Arrhenius behavior may be found in a low
temperature range, but a non-Arrhenius behavior is obvious in a high
temperature range. Thus, the g-MYEGA viscosity model was
employed to describe it. That is™

+ A, (1)

1
log, g1 =log,on(c0) + C AT
T {Wl exp (771) + Wyexp (772)}

where #(00) is the viscosity at an infinite high temperature, W; and
W, are the weight coefficients for describing the brittle phase and the
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FIG. 2. (a) Kissinger plots for the crystallization of supercooled liquid ZST and
ZnSb. The squares and spheres represent the experimental data from ultrafast
DSC for ZnSb and ZST, respectively. The open square and circles are the data
obtained from the test of sheet resistances as a function of temperature. The curves
represent the crystallization kinetics Uy, which are fitted by using the g-MYEGA
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where AT is the undercooling temperature, AH,,, is the latent heat of
melting, and T, is the melting temperature. By using the conventional
DSC test, AH,,, can be estimated as 1.225 and 16.2kJ mol™! for ZnSb
and ZST, and T, is 774 and 830K for ZnSb and ZST, respectively.
Together with the same parameters employed before, we can thus esti-
mate the temperature dependences of crystal growth rate for ZnSb and
ZST PCLs, as described in Fig. 3.

As we see in Fig. 3, by using ultrafast DSC method, the crystal
growth rate U from T, to Ty, can be detected, and the maximum
growth rates Uy, are readlly observed as 0.01 and 9.1 m s~ ' for ZnSb
and ZST, respectively. ZnSb was demonstrated to have an excellent
thermal stability'® but moderate crystal growth rate, and thus it is not
a good candidate for a high-speed phase-change application. However,
a distinct FSC behavior was found in ZnSb PCLs; so, we designed the
material of ZST, which may inherit good thermal stability from ZnSb
and possess a fast crystal growth rate. Excitingly, the ZST PCL exhibits
not only good thermal stability but also ultrafast crystallization speed.
This is due to the distinct FSC behavior in ZST PCL, making it possi-

strong phase, and C; and C, are the two constraint starting tempera-
ture constants corresponding to the two mechanisms of brittleness
and strength, respectively. Figure 2(b) exhibits the temperature depen-
dent viscosity for ZnSb and ZST PCLs. The fitted parameters for

ble to combine low crystal growth rate nearby T, and fast crystal
growth rate close to T}, in one material.
The FSC behavior was first found in widely used oxide glasses,

such as water™

and SiO,,”

which was involved in the crystallization

ZnSb are log 7(c0) = —2.98 = 0.15Pa's, W, = 8483 + 424K ', C,

process and thermodynamic effects in their supercooled liquids. Such

=8397 = 420K, W,=(1.56 = 0.078) x 10 K, and C,=1057
+ 53K, with R> = 0.994. And, they are log #(c0) = —3 = 0.27 Pas,
Wi =101+009K ', C,=4997 = 450K, W,=0.0036 0.0003K ",
and C,=1573 + 142K, with R*> = 0.972, for ZST. As we see, the
fitted temperature dependent viscosities for ZnSb are all in good agree-
ment with the reported viscosity data from Sinha and Miller (high
temperature)”’ and Lee et al. (low temperature),” implying a validity of
the FDSC method and g-MYEGA viscosity model used in this work.

A Stokes-Einstein relation is well accepted to describe the relation-

ship between the crystallization kinetic coefficient Uy, and viscosity 7
-1

a behavior was demonstrated in metallic supercooled liquids like
Cu-Zr'* and AL-Ni"’ based glasses, and it was suggested that it might
be a general dynamic feature for all metallic supercooled liquids.””
GeysTegs” 7 and GezoSezo " as typical chalcogenide liquids were
reported to have a distinct FSC behavior. For chalcogenide PCLs, it
was confirmed that AIST has an FSC behavior with the viscosity cross-
over, as shown in Fig. 2(b). Another two conventional phase-change
materials, GST and GeTe, were demonstrated to have no FSC behavior
in their PCLs. However, Chen et al. reported that the FSC can be
found in nanoparticles GST and GeTe.'”'” Orava et al. proposed that

as Upgnoxn 2% In this work, therefore, the temperature dependence of
Ukin can be written as
log,oUkin = C — log,4(0) 10°
_ ! . ) 10° IR
T{Wlexp <_&> + W exp (_g)} 102} , / .
T T ) v 7
- -4 ’ ,I' ’
where C is a constant to indicate the difference between Uy, and . ‘w 10T N ,’/I,' ,
Together with the suitable C and the same fitting parameters € 10°}/ I’:l,' J — 7nsb
employed before, the scattered dots in Fig. 2(a) can be fitted by using ! ,"I'I ! - - -AIST
Eq. (3) to describe the temperature dependent Uy, as green and red 10° 0 - - -GST
. ! - - - GeTe
curves for ZnSb and ZST, respectively. 10 e - - - GST NPs
The temperature dependence of the crystal growth rate can be 10°r S - - -GeTe NPs
described as”’ 10M L L ! L !
04 05 06 07 08 09 1.0

U = Upin {l — exp (f g)}, (4) T ITm

where Uy, is the crystallization kinetic coefficient as mentioned above,
R is the gas constant, and AG is the Gibbs free energy. Following
Thompson and Spaepen’s suggestion,”” the AG should be written as

FIG. 3. The crystal growth rates of supercooled liquids of ZST and ZnSb as a func-
tion of temperature. These rates were calculated by using the g-MYEGA viscosity
model. The dashed curves are the temperature dependent crystal growth rates for
AIST,'”® GST? GeTe,” as well as the GST and GeTe nanoparticles (NPs).'?
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the FSC may be a general feature for PCLs;'"” so, it is key to know
whether the FSC occurs in the supercooled temperature region (T¥)
and how the crossover magnitude is (f).
The Tt can be calculated by the following equation:'®
G-G

Tf*s n anl - anZ ' (6)
They are 530 and 610K for ZnSb and ZST PCLs, respectively, which
are all higher than their T, suggesting these T¢ values in the super-
cooled temperature region. We then used Angell's suggestion
to estimate the fragility index.”” Together with a plausible viscosity
data at T¢, the fragility m and »7' for strong and weak items can be
defined as

m= [810g1077/a<T/Tg>:|T:Tg’ @)
and

m, = [810g10n/8(T/Tg)} T:Tffs. (8)

The values of m and m' are 60 and 91 for ZnSb, and they are 35 and
80 for ZST, respectively. Thus, the crossover magnitude f, which is
defined as m'/m, can be estimated as 1.5 and 2.3 for ZnSb and ZST,
respectively.

From the temperature dependent crystal growth rate, as shown
in Fig. 3, we noted that the PCLs with an FSC behavior (besides of
ZnSb) have both fast crystal growth rate close to T,, and low growth
rate nearby Ty, especially for AIST and ZST. Compared to AIST, ZST
has higher U and lower crystal growth rate around Ty, indicating
better data retention and faster switching capabilities for phase-change
application. The phase-change materials with a high f value (f>2)
have the potential to solve the contradiction between ultrafast crystalli-
zation speed and good thermal stability. Hence, searching the phase-
change material with a high fvalue is very beneficial for improving the
performance of the integrated nonvolatile memory on the chip.

By using the ultrafast differential scanning calorimetry, we dem-
onstrated a fragile-to-strong crossover in ZnSb supercooled liquid,
which has an excellent thermal stability but a moderate phase transition
speed, ie., the maximum crystal growth rate Upy is ~0.01 m s " at
690K. Then, we designed a Sb-rich Zn-Sb-Te material, Zn,gSbs,Te;q
(ZST), to inherit good thermal stability from ZnSb and fast crystalliza-
tion speed from Sb,Te. Interestingly, a fragile-to-strong crossover was
also found in such Sb-rich phase-change supercooled liquid, which
combines good thermal stability and fast crystallization speed in one
material. Compared with the typical chalcogenide AIST PCLs that have
an FSC behavior, ZST exhibits faster crystal growth rate close to Ty,
(Upay is 9.1 m s~ " at 0.9 T,) and lower crystal growth rate around T,
(lower than 10™'2 m s "), as well as the larger crossover magnitude f
(2.3). The FSC behavior helps phase-change materials improve their
data retention ability while increasing the crystallization speed. The
concept of designing and tuning the crossover temperature T¢ in the
supercooled temperature region and obtaining a high crossover magni-
tude f can be important in developing optimized phase-change
materials.
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