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Fragile-to-Strong Transition in Phase-Change Material

GE3Sb6Tes

Julian Pries,* Hans Weber, Julia Benke-Jacob, Ivan Kaban, Shuai Wei, Matthias Wuttig,*

and Pierre Lucas

Chalcogenide phase-change materials combine a remarkable set of properties that
makes them promising candidates for future non-volatile memory applications.
Binary data storage exploits the high contrast in electrical and optical properties
between the covalent amorphous and metavalent crystalline phase. Here the
authors perform an analysis of the liquid phase kinetics of the phase-change
material Ge;SbgTes, which is the key to ultrafast switching speeds. By employing
four experimental techniques, the viscosity is measured over sixteen orders of
magnitude despite its propensity for fast crystallization. These measurements
reveal that the liquid undergoes a transition in viscosity—-temperature dependence
associated with a liquid-liquid phase transition. The system exhibits a shallow
viscosity change with temperature near the glass transition which stabilizes the
memory cells in the amorphous state and which limits the severity of relaxation
processes. Meanwhile, when heated during the writing process, the fragility
increases to more than double, causing the viscosity to drop rapidly enabling

a nanosecond crystallization speed. This change in viscosity—temperature
dependence is highly unusual among glass forming liquids and is reminiscent

of the behavior of water. This viscosity transition is also key to the technological
success of phase-change materials for computer memory applications.

1. Introduction

Phase-change materials (PCMs) are
attracting enormous interest for their
application in high-density computer
memories and artificial intelligence
platforms based on neuromorphic com-
puting.l'3l The operation of PCMs entails
switching between the crystalline and
amorphous phases via the liquid phase.
These three states of matter (crystal,
glass, and liquid) each possess unique
physical features that play a critical role
in the operation of current and advanced
PCM devices. The distinct physical prop-
erties of the amorphous and crystalline
solid phase enable various schemes for
encoding information in a robust non-
volatile form,[ while the rapid increase
in viscosity with temperature of the
undercooled liquid (UCL) phase ena-
bles fast crystallization.’) Among these
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three phases the crystalline state has

received the most attention and involves a
chemical bonding type (namely metavalent bonding!®") asso-
ciated with a unique set of physical properties distinct from
its metallic and covalent counterparts. Its high reflectivity
and conductivity provide the necessary property contrast to
the amorphous state for information storage and processing.
The amorphous state has been less studied but exhibits a
high intrinsic instability against temperature increase leading
to remarkable behavior such as crystallization below its glass
transition temperature T,.'>3] This phase is also technologi-
cally important due to its natural propensity for structural
relaxation. This process leads to resistance drift and can limit
applications such as multi-level data storage.*¢l Finally,
it was recently shown that the liquid phase of PCMs also
exhibits unconventional physical features that are critical for
the operation of memory devices.>"-?!l Specifically, liquid
PCMs appear to undergo a liquid-liquid phase transition
(LLT) which is accompanied by a steep decrease in viscosity at
temperatures in between T, and the melting temperature T,
and a shallow viscosity at around T,.>'" The steep decrease
enables fast crystallization during the SET process (crystalli-
zation) due to the suddenly low viscosity above T,. Also, the
shallow viscosity temperature dependence near T, stabilizes
the glassy phase in the (amorphous) RESET state because the
kinetic arrest takes places in the high-viscosity liquid state.
Direct structural evidence for the presence of LLTs in liquid
AIST (AgInSbTe) and Ge;sSbgs were recently presented by
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Zalden et al.?% using femtosecond X-ray diffraction. A break-
down of the Stokes—Einstein relation near the melting point
T, of Ge;Sb,Te,, Ge,Sb,Tes, GeTe, AIST, and Ge;sSbgs was
interpreted as resulting from the formation of locally favored
structures and associated with the onset of an LLT as in the
case of supercooled water.”1® But more importantly regarding
PCM operation, these LLTs are commonly associated with a
sudden change in viscosity—temperature dependence, referred
to as a fragile-to-strong transition (FST)P'! according to the
terminology developed by Angell to describe the viscosity—
temperature dependence of glass-forming liquids.[?? Conven-
tional liquids normally range from “strong” like silica, which
exhibit an Arrhenius-like temperature dependence of viscosity,
to “fragile” like o-terphenyl which exhibit a steep, super-
Arrhenius temperature dependence of viscosity. However,
the number of liquids, including water, that have been shown
to undergo an unusual transition from fragile to strong is
increasing.?3?4 This is the case of PCMs which are believed to
universally undergo this type of FSTs.>!” But, as in the case of
water, a direct observation of this viscosity transition in PCMs
is precluded by fast crystallization in the temperature range
called the “no-man’s land” between T, and T,,. Hence, a direct
observation of viscosity data showing a FST for PCMs has so
far remained elusive.

Here, we combine a set of four different experimental
techniques involving calorimetry, electron microscopy, time-
resolved reflectivity, and rheology to measure the tempera-
ture dependence of viscosity in a PCM nearly continuously
over sixteen orders of magnitudes, spanning the entire range
from below T, to above the melting point T,. All data sets
are in excellent agreement and show that the viscosity of
Ge;3SheTes is more than two times stronger at low tempera-
ture (m = 40) than at high temperature (m = 100), thereby
providing unambiguous evidence for the presence of an FST
in the Ge;SbgTes PCM.
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2. Results

2.1. Differential Scanning Calorimetry

Ge;SbgTes exhibits the characteristic properties of PCMs such
as high contrast in optical reflectivity and resistivity between
the amorphous and crystalline form, see below and Figure S3,
Supporting Information, respectively. While traditional PCMs
crystallize below T, at the standard heating ratel!>*#! which
is defined as ¥, = 20 °C min~.?% Ge;SbyTes exhibits a vis-
ible calorimetric glass transition prior to crystallization. This
permits to unambiguously determine its standard glass tran-
sition temperature T, = 193 °C (Figure S1, Supporting Informa-
tion), which is obtained when a standard glass (formed upon
cooling at ¥, from UCL) is reheated at U;. It also permits us
to investigate the kinetics of the UCL as described in Figure 1.
The heat capacity curves of amorphous Ge;SbgTes collected at
various heating rates after cooling at the same rate from the
undercooled liquid (above T, but just before recrystallization)
are shown in Figure 1a. The glass transition endotherm is vis-
ible before the crystallization exotherm occurs (revealed by the
sudden drop in excess heat capacity). The endotherm is found
to shift to a lower temperature with a lower heating rate, as
the glass transition is a kinetic transition between the under-
cooled liquid and the glassy solid.””] The ability to observe this
transition is of much interest as it permits us to measure the
activation energy for structural relaxation of the undercooled
liquid that is commonly found to be equal to the activation
energy for the shear viscosity near the glass transition.?28l
This activation energy AH* controls the shift in T, with cooling
rate O and can therefore be extracted from the data of Figure 1a
with the use of Equation (1):12%]
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Figure 1. a) Excess heat capacity C, after initial vitrification from the undercooled liquid (UCL) during reheating at the same rate. Exothermic is
down. The grey dash-dotted lines indicate the onset construction for obtaining the fictive temperature Tr. The resulting uncertainty on Tris =1 °C, which
amounts to an uncertainty on the fragility value of 3.2 including the fitting. b) Fictive temperature T¢ as a function of cooling rate obtained from (a),
where the cooling rate and subsequent heating rates are the same 0 =9, =0, . From fitting Equation (3) to the T¢(0) data, the fragility close to the
standard fictive temperature T¢ is found to be equal to 41 from these DSC measurements.
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where R is the gas constant and ¥, is a constant.
Additionally, AH* is related to the fragility parameter m
according to Equation (2):12°)
AH*

" T n(10)RT, @

so that a direct estimate of m can be obtained from ¥ and T,
using the construction shown in Figure 1b by fitting the Wang—
Velikov—Angell (WVA) Equation (3):126:2]

%) ¢
1 —|l=ml1-—=
Oglo(ﬁsj m( Tf)

where 9 is the standard cooling rate of 20 °C min™! and T;
is the fictive temperature. T; describes the temperature where
the structure or enthalpy of the glassy state and that of the
UCL are identical.?™ The higher the cooling rate during vit-
rification, the higher the temperature where the glassy state
departs from the UCL and thus the higher the T;. Therefore,
the fictive temperature T; is a helpful quantity in describing
and distinguishing glassy states. In the present case, the rate
dependent T is found from the endothermic onset since the
cooling and subsequent heating rate are identical.l?®! Further
the standard fictive temperature T¢ is obtained at U, and thus
is equal to T,

The results of Figure 1 reveal a relatively strong liquid
behavior with m = 41, hence a rather mild change in viscosity
with temperature is expected near T,. In turn, the value of m
derived this way permits to calculate the viscosity near T, using
the Mauro-Yue-Ellison-Gupta-Allan (MYEGA) equation,?3"
based on the assumption that the shear viscosity is 7=10' Pa s
at T,. This allows a direct comparison to viscosity data obtained
independently from crystal growth measurement utilizing elec-
tron microscopy and time-resolved reflectivity, as will be dis-
cussed in the next section.

G)

2.2. Crystal Growth Measurements

Crystal growth in PCMs is limited by atomic diffusion through
the undercooled liquid (UCL) such that the growth velocity v, is
proportional to the diffusion coefficient D according to:*%

1= 35(r){1-ep( - 251

where A is the interatomic jump distance, r, is the atomic
radius, and kg is the Boltzmann constant. AG(T) is the Gibbs
free energy difference between the crystal and the undercooled
liquid which is approximated by the Thompson-Spaepen
relation:1*’]

(4)

T.-T 2T
Tw Tu+T

AG(T)= AH;- (5)
where AH is the heat of fusion.

In principle, crystal growth velocity measurements can
yield viscosity values, since the diffusion coefficient D and
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the viscosity 1 are inversely proportional according to the
Stokes—Einstein relation (SER). However, Ediger et al.3 have
shown that the SER breaks down below =0.9 T,,, where diffusion
is actually faster than expected from viscosity. The detailed origin
of this decoupling is not clear at present but recent molecular
dynamic simulations have suggested that crystal growth may be
affected by nontrivial coupling between structural and composi-
tional ordering.1®! In that temperature region the diffusion coef
ficient follows a relation of the form D o< 177 where the exponent
£ ranges from 0 to 1 and depends linearly on the fragility index
m.34 Hence, for the undercooled liquid, the SER can be written
as:

¢
D= ksT
67T RN

where Ry is the hydrodynamic radius (=0.5 A). Viscosity
data can then be derived from crystal growth velocity meas-
urements granted the fragility index m is known. In this
work we follow an iterative process to obtain independent
values for m and & from crystal growth velocity measure-
ments. We first set £ =1 to obtain a set of viscosity values
from v, according to Equations (4) and (5). We then fit these
data with the MYEGA equation using m and 7n(T;) as fitting
parameters. The resulting m value is subsequently used to
derive a new value of & using the relation derived by Ediger
et al.B¥ The process is repeated iteratively until the values of
m and & have converged. This method was adopted because
it permits us to obtain a set of viscosity data and a fragility
parameter m that are independent from those derived by
DSC. This allows for a more meaningful assessment of
viscosity data derived calorimetrically and through crystal
growth velocity. Below we employ two distinct techniques
to measure the crystal growth velocity from which viscosity
data is obtained.

(0)

2.3. Transmission Electron Microscopy

The first technique used to measure crystal growth velocity
is based on time-temperature dependent imaging by trans-
mission electron microscopy (TEM). Imaging is performed
through a 30 nm thick Ge;SbTes film encapsulated between
two inert capping layers and deposited on a Si3N, mem-
brane serving as a TEM window (Figure 2a). The growth of
a single crystalline grain is then monitored during an iso-
thermal hold at temperatures ranging from 190 to 240 °C
(Figure 2b). The crystal growth velocity v, is found from
the rate of the increasing grain radii. All temperatures are
above the calorimetric T, except for 190 °C. However, at that
temperature, the measurements started after an equilibra-
tion time of 800 min. Considering that the relaxation time at
T, is =100 s, this ensures that all v, measurements are per-
formed in the undercooled liquid state. Furthermore, when
the temperature is increased from 190 to 240 °C, the number
of grains formed per area decreases. Hence judging from
the grain size, Ge;SbgTes is a growth-dominated material
especially at high temperatures, see Figure S4, Supporting
Information.
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Figure 2. a) In-plane schematic of TEM sample (layer stack) for time—temperature dependent crystal growth velocity imaging. b,c) TEM images of grain

growth in a Ge;SbgTes film during isothermal hold at 230 °C.

2.4. Time-Resolved Reflectivity

The second technique used to measure the crystal growth
velocity v, takes advantage of the large contrast in reflectivity
between the crystalline and amorphous phase of PCMs, similar
to the technique described in Ref. [32]. The growth velocity is
monitored through the change in reflectivity of a Ge;SbgTes
film during crystallization at a set temperature. The reflected
intensity is proportional to the crystallized area and since the
crystallization of Ge;SbgTes is growth-dominated, the rate of
change in the reflectivity provides a direct measure of v,. The
experimental set-up of this phase-change optical tester (POT)
is composed of a low-intensity continuous wave (CW) laser
operating at a wavelength 4 of 639 nm and a pulsed laser
(A = 658 nm) overlapping on the surface of the crystalline
Ge3SbgTes film. The crystallized film is first melted locally (the
resulting amorphous spot diameter is =1.5 um) with a 30 ns
laser pulse while the detected change in reflectivity of the layer
stack is monitored with the CW laser as shown in Figure 3.
This technique permits us to measure rapid growth provided
that the crystallization time is longer that the pulsed thermali-
zation time which is estimated to be =100 ns. In the present
work, the crystal growth velocity v, could be measured from

Adv. Funct. Mater. 2022, 32, 2202714 2202714 (4 of 9)

250 to 400 °C. Please note, that the deposited layers of the sam-
ples that are shown in Figure 2a used for POT and TEM crystal-
lization measurements are identical and were prepared in the
same magnetron sputter deposition run to ensure compara-
bility. The only difference between the TEM and POT samples
is that in the TEM samples, the silicon substrate is mechani-
cally and chemically removed to allow for the permeability of
electrons through the layers in TEM. In POT samples, the sil-
icon substrate situated under the Si;N, layer dissipates the heat
of the laser well, preventing damage to the sample.

The crystal growth velocity measurements obtained by TEM
and POT from 190 to 400 °C are shown in Figure 4a. The two
set of measurements are in excellent agreement and show a
nearly perfect Arrhenius dependence with temperature. The
corresponding viscosity values are calculated according to
Equations (4) and (5) following the iterative procedure described
above. Fitting the TEM data with the MYEGA equation yields
a fragility parameter m = 38.6 and a decoupling parameter
£=0.91. This value of m is in good agreement with that obtained
by DSC (m = 41). The viscosity values obtained by crystal growth
are compared with that derived from DSC using the MYEGA
equation for temperatures of 184, 187, 190, 193, and 198 °C.
Figure 4b shows that viscosity data derived by calorimetry are

© 2022 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure3. Time-resolvedreflectivitymeasurementduringrecrystallization
using the POT setup at 300 °C. Att=0s, an amorphous mark is induced
into the crystalline matrix by laser-assisted melt-quenching which leads
to a sudden decrease in the detected reflectivity of the sample. Upon
recrystallization, the reflectivity increases again until it reaches a plateau
when crystallization is completed. Here at 300 °C, it takes =0.0395 s
for crystallization to complete. The radius of the amorphous mark is
0.75 um. This results in a crystal growth velocity of 19 um s™. To allow
for distinguishing individual measurements the measurements are
shifted by a value of 3 with respect to the previous measurement (blue
data is not shifted).

in good agreement with that derived from crystal growth. The
viscosity value obtained from TEM at the calorimetric T, is
7 =10'236 Pa s, which is comparable to the value 7= 10" Pa s

applied for calculating the viscosity from DSC.

a
) 10° T
g o ™
E %QA%A

o

>

Z 10 AAA

5 B,
E Aﬁ
> 0% BN
< 2N

c;) A
o 108f A
— A
2 A
g 1070¢ a
A POT
A TEM A
10712 ) . . . A
16 18 20 22 24 26

1kgT [1/eV]

2.5. Oscillating-Cup Viscometry

While the viscosity data shown in Figure 4b range over 12 orders
of magnitude, high temperature viscosity data above T;,, are also
necessary to evaluate the fragility of Ge;SbgTes melt in the low
viscosity regime. The method of choice for measuring viscosity
at high temperature is oscillating-cup viscometry (OCV).’¢
It has been broadly used to measure the viscosity of molten
metallic alloysi**38 as well as chalcogenide melts, including
PCMs.%* Viscosity data obtained by OCV have been validated
by other methods and are found to be in excellent quantitative
agreement with viscosities measured by electrostatic levitation
as shown in Figure S5, Supporting Information.[*} Overall, the
statistical uncertainty of OCV is found to be 5-10%.3¢

Viscosity data for the Ge;SbgTes melt ranging from 568 to
981 °C are shown on Figure 5a. Data points below the melting
temperature T, = 575 °C first overshoot then collapse due to
the nucleation and growth of crystallites. Fitting the data points
above T, with the MYEGA equation yields a fragility index
m =100.9 as shown in Figure 5b. This value of m is more than
twice larger than that measured near T, by DSC and TEM
(m = 40), thereby providing evidence for the presence of an FST
in the PCM Ge;SbgTes. In Figure 5b, the logarithmic plot com-
bining viscosity data from all four methods shows that a sudden
change in fragility must occur just below T, in order to recon-
cile all data sets. A linear extrapolation of the low temperature
data obtained by DSC, TEM, and POT would yield an unphysi-
cally small viscosity limit 7., = 10728 Pa s at high temperature.
This crisis is averted by the occurrence of the LLT slightly below
T., which gives rise to the change in fragility.

3. Discussion

The first observation of an FST was reported by Ito et al.
in water?3l Since then, many glass forming liquids have
been shown to exhibit viscous behavior consistent with FSTs,
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Figure 4. a) Combined data on crystal growth velocity v, as measured from transmission electron microscopy (TEM) and by the laser setup of the phase
change optical setup (POT). The uncertainty on the crystal growth velocity in TEM and POT measurements is =<10% of the nominal value. b) Viscosity
7 calculated from the crystal growth velocity v, as described in the main text. The viscosity data obtained through crystal growth measurements are in

excellent agreement with that derived from DSC.
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Figure 5. a) Viscosity of Ge;SbgTes melt measured by oscillating-cup viscometry (OCV). b) Logarithmic plot of viscosity data obtained over the entire

temperature range from 184 to 981 °C using DSC, TEM, POT, and OCV.

especially metallic liquidsi*®*! and chalcogenide melts."*]

However, these systems tend to be poor glass-formers, so that
fast crystallization usually prevents a direct observation of the
full FST. This is largely the case of telluride melts such as PCMs
with the exception of GejsTegs. This material can be super-
cooled slightly below its eutectic temperature and reveals the
onset of a divergence in viscosity as shown in the Angell-plot
of Figure 6%] where viscosity data are plotted as a function of
inverse temperature scaled by T,. Interestingly, when plotted in
this fashion, the viscosity data of Ge;sTegs overlap almost per-
fectly with those of Ge;SbgTes as well as those of the PCM AIST
(those data points are almost entirely hidden behind those of

GeO,

OTP

BeF2 /)
Te /
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Ge15Te a5 7
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Figure 6. Fragility plot comparing the viscosity behavior of Ge;SbgTes
melt with that of the standard strong liquid GeO,? and standard fragile
liquid o-terphenyl (OTP)*] as well as Te,*) several PCMs[*5% and the
tetrahedral liquid BeF,."2

Adv. Funct. Mater. 2022, 32, 2202714 2202714 (6 of 9)

Ge;ShgTes). These tellurides data also overlap well with those of
pure tellurium. This suggests that the atomic transport mecha-
nism controlling viscous flow in each system must be very
similar as they all tend to the same high-temperature viscosity
limit of 7., = 107318 Pa s, as found for Ge;SbeTes. However, con-
trary to a material that can be described by a single fragility m
value like GeO, or OTP, a MYEGA fit of the high temperature
data for Ge;SbgTes shows a dramatic mismatch with the low
temperature viscosity. The viscosity of Ge;SbsTes must at some
point undergo a divergence to reconnect with the low fragility
data closer to T,. Interestingly, the divergence experienced by
GesTegs offers a credible path through which the two data sets
for Ge;SbyTes could be reconciled. Unfortunately, in Ge;SbyTes
measurements below the melting temperature are not pos-
sible due to fast crystallization, but the similarity in behavior of
Ge;SbgTes and GesTegs at high temperature supports the sug-
gestion that the two systems would exhibit an LLT. However,
there is no evidence that all PCM should undergo an FST in
the same reduced temperature range. Nevertheless AIST is also
found to undergo an LLT in a similar range near To/T ~ 0.67%°)
The almost perfect Arrhenius behavior in Ge;SbgTes of the low
temperature viscosity is unusual but is actually very similar to
that of BeF, whose anomalous behavior was pointed out long
ago by Angell.* Molecular dynamic simulations of the high
temperature liquid later showed that BeF, indeed undergoes an
FST like several other tetrahedral liquids including water.*/#8l
In this light, the viscosity data collected for Ge;SbyTes are con-
sistent with and in favor of the presence of an FST.

It is also worth noting that the LLTs believed to be responsible
for the FST observed in multiple chalcogenide melts are also
revealed by sharp anomalies in several thermodynamic func-
tions.l>192433] For example, Ge;sTegs exhibits a sharp extremum
in heat capacity, thermal expansion coefficient, and adiabatic
compressibility at the same temperature as the viscosity diver-
gence.2#>33 This behavior is observed in multiple other chal-
cogenide melts.l A correlation between the dynamic and
thermodynamic properties of liquids is indeed expected from
the Adam-Gibbs equation which relates the kinetics of glass-
forming liquids to their configurational entropy.”® Martinez

© 2022 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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and Angell also established a universal correlation between
the temperature dependence of the viscosity and the configu-
rational entropy of glass-forming liquids encompassing the full
range of fragility.’® In the case of GesTegs, a quantitative cor-
relation was established between the thermodynamic anomaly
at the LLT and the viscosity divergence at the FST.* These LITs
are also commonly associated with a semiconductor-to-metal
transition and a negative expansion coefficient.>*”>8 This
semiconductor-to-metal transition is believed to be essential
in determining the success of PCMs as non-volatile memory
materials.! But the FST itself is also key for PCM operation as
it affects the switching speed and stability of the memory cells
as follows.

Relaxation dynamics differ for strong and fragile glass
forming liquids. The higher the fragility, the more structural
relaxation the system will experience while in the glassy state
(RESET state).’” This is detrimental as pronounced relaxation
processes lead to pronounced aging effects like density increase
and resistivity drift.' Small temperature changes also lead to
a large change in relaxation time in fragile systems, thereby
leading to the potential instability of the glassy memory cell
upon temperature variations. Hence it is beneficial for the
system to exhibit a strong character in the low temperature
regime near T,. On the other hand, switching speed is enhanced
by low viscosity so that high fragility is desirable when the tem-
perature is increased in between T, and the melting point for
the SET process. The transition from strong to fragile upon
heating therefore provides the benefit of speed while retaining
the amorphous cell stability. As shown in Figure 6, the vis-
cosity near a desirable SET temperature (T,/T = 0.6) would be
nearly four orders of magnitude higher if the system remained
strong. In turn, the crystal growth velocity v, and consequently
the switching speed would be four orders of magnitude slower.
Figure 6 then provides directions for optimizing the SET tem-
perature with the goal of maximizing speed while minimizing
power. In addition, Ge;SbgTes is growth-dominated so that
scaling down the memory cell radius would increase switching
speed while decreasing energy consumption due to the smaller
volume of material being heated.

A parameter that has proven useful in describing the amor-
phous phase stability against crystallization is the reduced glass
transition temperature T,, = To/T;,.%) The value for Ge;SbTes
of 0.55 is indeed higher than that of the prototypical PCMs
Ge,Sh,Tes; 0.52'% or GeTe; 0.46.2% While other PCMs crystallize
from the glassy phase, the glass transition in Ge;SbgTes can be
observed, see Figure 1, which further underlines its increased
amorphous phase stability. We performed additional minimum
crystallization time measurements similar to Ref. [11] which
indicates the minimum time to crystallize a completely amor-
phous PCM film at optimal conditions. This measurement
resulted in a value of =50 ns, see Figure S6, Supporting Infor-
mation. This value is smaller than that of Ge,Sb,Tes; 80 nm and
GeTe; 600 ns reported in Ref. [11] and hence indicates advan-
tageous crystallization kinetics. It must be noted, that these
values include the period of crystal nucleation, namely the time
until the first grain forms. This is contrary to the situation in
memory devices where a significant fraction of the cell is crys-
tallized directly from the crystalline surrounding. Thus, crystal-
lization in a device will be faster than those numbers suggest.
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Nevertheless, this result shows that Ge;SbgTes offers the fastest
crystallization speeds.

4. Conclusion

LLTs and FSTs have received much attention in the last two dec-
ades, in particular due to their presence in the most essential
of liquids: water. While it has been observed in an increasing
number of other systems, it has mainly raised interest as a fun-
damental scientific challenge. Here we show that these FSTs
also play a key technological role in enabling the application
of phase-change materials in non-volatile memory devices.
The dramatic change in liquid kinetics associated with the FST
enables the combination of ultrafast crystallization at high tem-
perature and maximum glassy state stability at low tempera-
ture, which would not be achievable in glass-forming liquids
obeying a conventional single fragility behavior. While the data
provided in this study are limited to the Ge;SbgTes composi-
tion, LLTs have been observed in a number of other chalcoge-
nides systemsl>?% and it is expected that FSTs are a universal
feature of chalcogenide PCMs. However, further techniques
are required to elucidate the mechanism responsible for the
FST. The cell stability afforded by the strong behavior near T, is
also particularly relevant for the development of neuromorphic
computing?®! and multi-level data storage™ where even small
structural relaxation leads to significant resistance drift. This
change in resistance leads to read-out errors of encoded levels
in multi-level data storage or drift of the emulated synaptic
weight in neuromorphic devices. Further investigation of the
material's “strong” behavior near T, could therefore have sig-
nificant technological implications. Therefore, we can conclude
that Ge;SbgTes exhibits an FST that affords the excellent and
advantageous PCM-characteristics.

5. Experimental Section

Powders for calorimetric measurements of Ges;SbgTes were prepared
from a stoichiometric target by magnetron sputter deposition at a base
pressure of 3 X 10 mbar. The composition and film thickness were
measured in a Scanning Electron Microscope (SEM) of FEI Helios Dual
Beam FIB and the results are given in the Supporting Information.

For measuring the crystal growth velocity of Ge;SbgTes, the authors
adopted the layer system described in Ref. [32] which was also prepared
by magnetron sputter deposition. This layer system allowed for the
preparation of TEM samples by mechanical polishing and chemical
etching. Moreover, utilizing this layer stack enabled the measurement
of the crystal growth velocity from samples that were prepared in the
same sputtering deposition process with both techniques, that is, TEM
and the laser setup of the POT. This way a maximum of comparability
was ensured.

The excess heat capacity C,* data was measured in a PerkinElmer
Diamond DSC. The measured temperature at a constant heating rate ¢
was calibrated by the onset of melting of pure indium as already reported
in the Supporting Information of Ref. [12]. The excess heat capacity
C,(T) is obtained from subtracting the rescan of the crystallized
material taken subsequently to the initial measurement.

All TEM measurements were performed on a FEI Tecnai F20 in
energy filtered bright field mode. The samples were heated at a distinct
temperature for a certain time interval in the DSC which served as a
precise oven. After the heat treatment, formed crystalline grains were
identified and photographed in TEM. The heating and TEM imaging was
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repeated until the same grains were photographed at least three times.
From the grain size, the radius was measured and its change with time,
the crystal growth velocity, was determined.

In POT measurements of crystal growth velocity, the sample was
initially crystallized. Afterwards, the sample stage was heated to a
constant temperature at which the crystal growth velocity ought to be
measured. When isothermal conditions were reached, a region of 1.5 um
in diameter was amorphized by a melt-quenching laser pulse while the
reflectivity was probed. From the change in reflectivity, the change in
radius is inferred which yields the crystal growth velocity.

The oscillating-cup viscometry (OCV) method was used to measure
the viscosity of Ge;SbgTes. The elements were weight out and sealed
in a quartz ampoule, which was previously flooded with argon gas at a
remaining pressure of 0.25 bar.

Statistical Analysis: Power data taken by DSC was converted to specific
heat capacity in Pyris Series Software by PerkinElmer and was further
analyzed in a self-developed program in Matlab by Mathworks including
the determination of the endothermic onset and the fragility fitting depicted
in Figure 1. The uncertainty of the onset temperature was about %1 °C.

In TEM, nucleated and growing grains were observed directly. Grains
grow in a circular fashion and therefore the grain radius was found from
the smallest circle that contained the whole grain. Circles were placed
around the grains and the radius was elaborated in DigitalMicrograph
by Gatan. At every temperature at least six grains (up to 21) were
investigated over three annealing steps. The crystal growth velocity was
found from the change in radius with time in a self-developed Matlab
program. Also, in Matlab was done the calculation of the viscosity
from the crystal growth velocity data of TEM and POT samples. The
uncertainty of the TEM measurements is estimated from the size of
the pixels in the image and how accurate a circle can be placed around
the grains. For every temperature the crystal growth velocity of the
individual grains is averaged and the experimental error is combined
with the statistical scatter. The overall error on the crystal growth velocity
amounted to =10% of the nominal (mean) value.

In POT, at every temperature at least ten measurements were
conducted. The time for recrystallization was obtained for each
measurement and averaged in a self-developed Matlab program.
The laser setup was operated by a self-designed LabView script. The
averaging resulted in values for the mean and the standard deviation.
The scatter in the recrystallization interval was the dominant cause of
uncertainty of the obtained experimental values. It also amounted to
=10% of the nominal (mean) crystal growth velocity value.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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