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Recent fragile-to-strong crossover (FSC) concept in the crystallization kinetics study of phase-change su-
percooled liquids (PCLs) is attractive for screening the high-performance phase-change materials. It is
important to search the FSC behavior in confined PCLs, like the two-dimensional confined PCLs, which is
believed has fast crystallization and good thermal stability. Together with the ultrafast differential scan-
ning calorimetry measurement and the generalized Mauro-Yue-Ellison-Gupta-Allan viscosity model, we
here studied the crystallization kinetics of two-dimensional confined GeTe PCLs. It was found such con-
fined PCLs has distinct FSC with large crossover magnitude is 2, confirming two-dimensional confinement
can trigger the FSC behavior in PCLs.

© 2020 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

In past decades, the global demand for data storage and pro-
cessing has grown exponentially. To meet this demand, research
works have been devoted to the development of non-volatile
memory [1]. Chalcogenide phase-change memory has received
widespread attention as the most promising candidates for next-
generation non-volatile memory, because of the excellent storage
density, fast read and write speeds, strong data retention capa-
bilities, low power consumption [2]. The data information storage
is depended on the huge difference in electrical resistance and/or
optical reflectivity between reversible crystalline and amorphous
phase-change materials [3].

The researchers focused on the acceleration of crystallization
speed and enhancement of thermal stability, which are the con-
tradiction, in many years. Thus, a concept of fragile-to-strong
crossover (FSC) was recently carried out in the phase-change su-
percooled liquids (PCLs) to solve above contradiction [4]. An ideal
PCLs is expected to has distinct FSC behavior with fast crys-
tallization speed close to melting temperature (Ty,) that makes
the switching speed faster, and low crystallization speed near to
glass transition temperature (Tg) that increases the data retention
capabilities [5]. It was reported the phase-change films (three-
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dimension), like AgsslngsSbsgTe,g [4] and Zn,gSbssTeqg [5], have
distinct FSC behavior in their PCLs. However, there is no any FSC
behaviors was found in the conventional PCLs, like the GST [6] and
GeTe [7]. Interestingly, the distinct FSC behavior was observed in
confined nanoparticles (zero-dimension) GST [8] and GeTe [9]. It
was found water has FSC behavior in many years ago [10], and af-
terwards the researchers claimed that such FSC would be enhanced
in confined water [11]. Does this mean the structure confinement
could enhance (or trigger) the FSC behavior in supercooled liquids?

Previous studies have confirmed the FSC behavior presents in
GST and GeTe nanoparticles, but it is insufficient to support above
assumption. In this work, we performed a two-dimension confined
GeTe PCLs in [GeTe(7nm)/W(6nm)],o multi-layer film, and together
with the ultrafast differential scanning calorimetry (FDSC) and
the generalized Mauro-Yue-Ellison-Gupta-Allan (g-MYEGA) viscos-
ity model to study its crystallization kinetics, and confirm whether
structure confinement could trigger the FSC behavior in super-
cooled liquids.

The multi-layer films were deposited on the substrates of
Si0,/Si (100) and NaCl (100) by the magnetron co-sputtering
method using separated GeTe alloy target and tungsten (W)
metal target. GeTe and W were grown alternately with nano-scale
thickness of 7 and 6 nm, respectively, which were in situ con-
trolled by sputtering time and ex situ checked by scanning elec-
tron microscope (SEM, Thermo scientific, Verios G4 UC), to form
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Fig. 1. Cross-sectional view of [GeTe(7nm)/W(6nm)],o film. The dark and bright
layer indicate the GeTe and W ultra-thin film with thickness of 7 and 6 nm, re-
spectively. The period number is 20, and the total thickness of the confined film is
267 nm (extra 7 nm comes from the last deposited GeTe layer).

[GeTe(7nm)/W(6nm)],o nano-scale multi-layer films. See the cross-
sectional view of this confined film in Fig. 1. The DC power for
GeTe target was set to 30 W and the RF power for W target was
set to 40 W. The base and working pressures were set to 8 x 10~6
and 3 mT, respectively. It should be noted that, we chose metal W
as non-phase-change layer to confine the GeTe phase-change layer
in this work, and then formed a two-dimension confined GeTe.

The NaCl (100) substrate used here is convenient to remove the
films for FDSC measurements, and the films can be separated com-
pletely and very easily from the NaCl (100) substrate in distilled
water just for 5 seconds. Loaded a separated flake on the USF-1
chip sensor and measured by FDSC (Mettler-Toledo Flash DSC 1) in
a Ar atmosphere. Temperature calibration has been performed with
In flake before the FDSC measurements. The measurement temper-
ature range of this FDSC is -90 to 450 °C, the scanning rate range
is 10 to 40000 K s~! for heating and 10 to 10000 K s~ for cooling,
respectively. The sample size should be less than 200 x 200 um
with suitable thickness to avoid thermal lag. Such potential ther-
mal lag in the FDSC measurement has been evaluated by using the
Biot number. As we reported that, the Biot number of GeTe films
with thickness of 1400 nm, is lower than 0.1 [7]. Thus, the Biot
number of two-dimension confined [GeTe(7nm)/W(6nm)],o used
here must be much lower than 0.1, because of the thinner total
film thickness (267 nm) and larger thermal conductivity of W (160
W m~! K-1). It implies the thermal lag between sample and heater
surface can be negligible.
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Fig. 2(a) shows the FDSC traces of [GeTe(7nm)/W(6nm)],q film
with heating rate from 10 to 40000 K s~!. An obvious exothermic
peak can be found in each trace, which is caused by the crystal-
lization. The corresponding peak temperature (Tp) is crystallization
temperature, which increases from 514 to 576 K as the heating rate
increases from 10 to 40000 K s~!. More than four times measure-
ment were performed at each heating rate in order to decrease the
test error.

The Ty values obtained from these FDSC traces are plotted by
the Kissinger method, which can be expressed as [12],

In(¢/T,%) = —Q/RT, + A (1)

where Q is the activation energy for crystallization, R is the gas
constant (8.314 ] mol-! K-!, and A is a constant. As shown in
Fig. 2(b), thanks to the intact two-dimension confined film, which
gets from the NaCl substrate used here, we obtained more con-
vergent T data compared to that from GeTe film (gray data). Ap-
parently, the Kissinger plot of two-dimension confined GeTe film
moves to right side in Fig. 2(b), which is attributed to the higher
Tp than that of single GeTe film. As we know that the thinner film
is, the higher T}, is, which was also found in the phase-change ma-
terial, like the Sb [13]. The non-phase-change layer W in this con-
fined film divides the GeTe into very thin film with the thickness
of 7 nm. Therefore, the confined GeTe film has higher T,. More-
over, the activation energy (curve slope in Fig. 2(b)) of confined
GeTe film is larger than that of single film. Such activation en-
ergy in confined GeTe film decreases toward higher temperatures,
which due to the fragile nature of GeTe PCLs. Compared to the sin-
gle GeTe film, this change of activation energy in confined film is
less, indicating a stronger GeTe PCLs is obtained by using the two-
dimension confinement method.

Previously, Henderson discussed the validity of the Kissinger
method in non-isothermal crystallization kinetics study and con-
firmed it cloud be applied when T, is equal to the temperature
at which crystallized faction is 0.63 (Tyg3) [14]. This confirmation
work is also need in chalcogenide PCLs before their crystallization
kinetics study. We now first performed the Johnson-Mehl-Avrami
(JMA) numerical simulation with the numerous isothermal steps
(0.05 K per step) to approximate the non-isothermal heating pro-
cess. Such JMA numerical simulation was performed many times
in previous studies [6,7,15], so the details are not displayed here.
Together with the generalized Mauro-Yue-Ellison-Gupta-Allan (g-
MYEGA) viscosity model and suitable parameters, we obtained the
simulated FDSC traces of confined GeTe film as shown in the up-
per layer of Fig. 2. The T, values at different heating rates obtained
from the simulated traces are in accord with that obtained from
the measured traces, indicating these JMA simulated traces can be
used to confirm the validity of the Kissinger method for crystal-
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Fig. 2. (a) The FDSC traces of [GeTe(7nm)/W(6nm)],o film. (b) The Kissinger plots of this confined GeTe film and single GeTe film. The gray data are the T, values of GeTe
that was published in our previous work [7]. The fitted curves are the temperature dependences of relative crystallization kinetics coefficient Uy,.
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Fig. 3. ]MA numerical simulated FDSC traces (upper layer) and the corresponding
crystallized fraction x (bottom layer) of [GeTe(7nm)/W(6nm)],o film. This region is
reached using modeled heating rates from 10 to 40000 K s~'. The inset in upper
layer shows the simulated FDSC traces of low heating rates (from 10 to 500 K s~1).
The horizontal dashed line in bottom layer indicates the crystallized fraction of 0.63,
and the vertical dashed line indicates the T, at different heating rate.

lization kinetics study. In order to obtain temperature dependent
crystallized fraction (x), the simulated FDSC traces were integrated
and normalized as exhibited in the bottom layer of Fig. 3. As we
see that, there is no any difference between Tpg3 and T, could
be found in all of the heating rate performed here, indicating the
Kissinger method is valid to study the crystallization kinetics and
the FSC behavior in this two-dimension confined GeTe PCLs.

According to the Stokes-Einstein relationship of Uyjnomn~1,
which describes the relationship between viscosity 1 and crystal-
lization kinetics coefficient Uy,, the Uy, expression can be de-
scribed as [16],

logoUkin = C —logion (2)

where C is a constant used to explain the gap between U, and
n~1. We here used the g-MYEGA viscosity model to describe the
temperature dependent viscosity n and potential FSC behavior in
[GeTe(7nm)/W(6nm)],q film. The g-MYEGA viscosity model is [17],

1
T[W; exp(=Ci/T) + W, exp(—G/T)]

logyon = 1081970 + (3)
where 7., is the viscosity at infinite high temperature, W; and
W, are the weight coefficients to describe the brittle and strong
item, and C; and C, are the two constraint starting temperature
constants corresponding to the two mechanisms of brittleness and
strength, respectively. Taking Eq. (3) into Eq. (2), the expression of
Uyin €an be written as,

1
T[Wy exp(=Cy/T) + W, exp(=C2/T)]
(4)

By using this expression, we fitted the Kissinger data and
obtained the Uy, as shown in Fig. 2(a). The fitted parameters
of confined GeTe film are, n,,= 107390 Pa s, W; = 0.936 K1,
W, =2.224 x 1004 K1, C; = 4698.8 K, C; = 213.6 K, and C = 0.22,
with a good fitting degree (R-square is 0.995). Noteworthily, for
the single GeTe film that has been studied by the MYEGA vis-
cosity model before, we here performed g-MYEGA model to fit-
ted it again, and the fitted parameters are, n..= 107316 Pa s,
W; = W, = 0.0482 K1, C; = C, = 2786.1 K, and C =-12, with
R-square is 0.980. Compared to these two sets of fitted parameters,

logoUkin = C — 10819700 —

12 + Viscosity from Sosso et al.
10 | Transposed v, for
O Single GeTe film
8 F O Confined GeTe film -
—
n 6 | Angell plot for -
nf_U —— Single GeTe film
o 4F — ofined GeTe film -
e — ilm
i 2 —— GeTe NPs T
~
o 0 .
o
-2 -
4 .
1 1 1 1 1

04 05 06 07 08 09 1.0
TgIT

Fig. 4. Angell plots of two-dimension confined GeTe and other PCLs. The T; of GeTe
is 432.1 K that has been reported in previous work [7]. The gray and red data are
the transposed Uy, ! of single GeTe and confined GeTe film, and the corresponding
gray and red curves are the Angell plots of GeTe and confined GeTe film by fitting
with g-MYEGA viscosity model. The bule and olive curves are the Angell plots of
AIST [4] and GeTe nanoparticles (NPs) [9], respectively. The orange spheres indicate
the viscosity data of GeTe compound from Sosso et al. [18].

it is found that the value of 7 is very close because of the GeTe
material instinct, but the confined GeTe has larger divergence be-
tween W; and W, (or C; and (), indicating the potential distinct
FSC would be exist in this two-dimension confined GeTe PCLs.

Fig. 4 shows the Angell plots of two-dimension confined GeTe
and other related PCLs. Together with the g-MYEGA viscosity
model (Eq. (3)) and the parameters obtained above, the transposed
Uyin~! can be fitted very well. As we see that, no FSC behavior
presents in single GeTe PCLs with 1. is 107316 Pa s and super-
cooled liquid fragility m is 112. However, a distinct FSC behavior
can be found in the confined GeTe PCLs. Orava et al. claimed that
FSC may be a universal feature in chalcogenide PCLs [4]. However,
it does not find in many PCLs, like the GST [6], GeTe [7,19], and Ge-
Sb [20]. We have been confirmed it in previous work and found the
FSC behavior is not a universal dynamic feature in PCLs [16]. Cer-
tainly, the potential FSC can be exist below the Tg, which results
by the transition of supercooled liquid to solid glass and exhibits a
strict Arrhenius behavior. But this is no help to solve the contradic-
tion between thermal stability and crystallization speed in phase-
change materials. Therefore, it is important to know what the FSC
temperature (Ty) is. It defines the Tg is [21],
~In V\C/1 lC2 (5)

1 —InW,

Taking the above fitted parameters in to this equation, the Tg
of two-dimension confined GeTe film can be estimated as 537 K.
Thus, the value of Tg/T¢¢ is 0.805, which is smaller than that of
GeTe NPs (0.91) [9], and larger than that of AIST PCLs (0.72) [4].
Depending on the Angell of plot, we then estimated the fragile in-
dex for strong and weak item by the following equation of,

Ty,

dlogyon
= 6
m [d(Tgm]”g ©
and
; dlogon _ _
m _d(Tg/T)T_Tf s (7

It yields the fragility m for strong item and fragility m" for weak
item are 45 and 89, respectively. Thus, the crossover amplitude (f),
which is defined as m/m’, can be calculated as 2. Above moderate
Tg/T;s and large f indicate a distinct FSC behavior presents in the
confined GeTe PCLs with two-dimension confinement structure.



92 Q. Zhang, Y. Chen, W. Leng et al./Scripta Materialia 192 (2021) 89-93

10" F
10" |
10° F
“w  10° s Single GeTe film
£ F Confined GeTe film
-7
— 107 ¢} - - -GeTe NPs
S N: # - - -AIST
10°
10"k
10-13 /, 1 1 1 L L
)/ 05 0.6 0.7 0.8 0.9 1.0
TIT
m

Fig. 5. Reduced temperature (T/Ty,) dependent crystal growth rate (U). The thick
gray and red curves indicate the FDSC measurement temperature range for single
and confined GeTe film, respectively. The blue and olive dashed curves are the tem-
perature dependent crystal growth rates of AIST [4] and GeTe NPs [9].

The temperature dependent crystal growth rate U can be ex-
trapolated by [6],

U = Uyin[1 — exp(—AG/RT)] (8)

where Uy, is the absolute crystallization kinetic coefficient (it can
be extrapolated together with the absolute Uy, value at T, and
the relative Uy, obtained from above Kissinger method), R is the
gas constant (8.314 ] mol~! K-1), and AG is the crystallization driv-
ing force. It suggests the AG of chalcogenide material (like GeTe
studied here) obeys the Thompson and Spaepen equation [22],

_AHmAT< 2T ) ©)
T Tw \Tn+T

where AT is the supercooled temperature, Ty, and AHp, are the
melting temperature and latent heat of fusion, respectively, and
they are 1000 K and 17.9 k] mol~! for GeTe materials. Taking
Eq. (9) into Eq. (8), we obtained the temperature dependent U of
confined GeTe film as shown in Fig. 5 with the red curve. It was
found that, this two-dimension confined GeTe has a large maxi-
mum crystal growth rate (Unax) of 3.2 m s~! at the specific tem-
perature (Tpax) of 0.84 Ty, (~840 K). The Unax of single GeTe film
and GeTe NPs is 3.5 and 1.8 m s~! at the Tmax is 0.81 and 0.72
Tm, respectively. Compared to other GeTe PCLs, it can be concluded
that the confinement layer influence on the crystal growth rate
is pronounced in applications at lower temperatures but tends to
vanish at higher temperatures. This is strongly supported by the
results from doped SbxTe with capping layer [23]. Apparently, the
two-dimension confined GeTe PCLs studied here, has larger U at
the temperature where closes to T, and lower U at the tempera-
ture where closes to the Tg, which is attributed to the distinct FSC
behavior presents in this confined PCLs.

It was found the decrease of cell size is benefit to combine
faster switching speed with greater thermal stability in N-GST de-
vice [24]. Moreover, by using the same method of FDSC, Orava et al.
found that the sandwich layers in GST devices could combine in-
hibition of crystallization at low temperature with acceleration at
high temperature [25]. Above findings could be the good explana-
tions for the distinct FSC behavior in [GeTe(7nm)/W(6nm)],q film
that has very thin phase-change layer (small size) and non-phase-
change layers (like the sandwich layer in device). Two-dimension
material is a hot topic in recently, but a single two-dimension
layer could not be applied in the phase-change memory. The layer-
by-layer technology (multi-layer film), however, becomes a good
way to solve the issues in conventional phase-change memory, like

AG

the superlattice-like GeSbTe was used to decrease the switching
time [26], the interface phase-change material GeTe/Sb,Te; was
designed to reduce the power consumption [27], the heterostruc-
ture TiTe,/Sb,Tes (TiTe, is non-phase-change layer) was performed
to alleviate the data storage noise and drift [28]. Thus, the multi-
layer film is certainly beneficial for phase-change performance. We
here confirmed two-dimensional confinement could trigger the FSC
behavior in PCLs, which is a good explanation to understand many
multi-layer films have good thermal stability and fast crystalliza-
tion speed at the same time. Moreover, we believe the FSC behav-
ior will be further enhanced when the thickness of phase-change
layer is continually decreased. Exploring the size dependent crys-
tallization kinetics of two-dimension PCLs must be useful in im-
proving phase-change performance, and this would be present in
our future work.

In conclusion, we studied the crystallization Kkinetics of
[GeTe(7nm)/W(6nm)],o PCLs by using the method of FDSC and the
viscosity model of g-MYEGA. It was found that, this confined PCLs
has a large Unmax of 3.2 m s~1, which is close to that of single GeTe
film and larger than that of GeTe NPs, at the Tpax of 840 K. More
importantly, a distinct FSC behavior with a large crossover mag-
nitude f of 2 at the Try of 537 K (a deep supercooled tempera-
ture) was found in the confined GeTe PCLs, and the fragility for
strong and weak item is 45 and 89, respectively. It confirms that,
the two-dimensional confinement could trigger the FSC behavior
in the PCLs like GeTe, and make it combines low crystal growth
rate near to Tg and fast crystal growth rate close to Tp,.
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