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ABSTRACT: Crystallization kinetics of phase change materials (PCMs)
at high temperatures is of key importance for the extreme speed of data
writing and erasing. In this work, the crystallization behavior of one of the
typical PCMs, GeTe, has been studied using ultrafast differential scanning
calorimetry (DSC) at high heating rates up to 4 × 104 K s−1. A strong
non-Arrhenius temperature-dependent viscosity has been observed. We
considered two viscosity models for estimating the crystal growth kinetics
coefficient (Ukin). The results showed that the MYEGA model was more
suitable to describe the temperature-dependent viscosity and the crystal
growth kinetics for supercooled liquid GeTe. The glass transition
temperature (Tg) and fragility m were estimated to be 432.1 K and
130.7, respectively. The temperature-dependent crystal growth rates,
which were extrapolated by the MYEGA model, were in line with the
experimental results that were measured by in situ transmission electron microscopy at a given temperature. The crystal growth
rate reached a maximum of 3.5 m s−1 at 790 K. These results based on ultrafast DSC with the MYEGA model offer a revelation
for crystallization kinetics of supercooled liquid GeTe.

1. INTRODUCTION

Phase change materials (PCMs), which switch reversibly
between amorphous and crystalline phases to offer a large
optical or electrical contrast, have been demonstrated to be
promising for the next generation memory technology.1−3

Phase change kinetics, especially crystallization kinetics, which
is of vital importance for the applications, has been widely
investigated in experiments4−6 and molecular dynamics
simulations.7−9 Differential scanning calorimetry (DSC) has
been demonstrated to be a useful method for studying the
crystallization kinetics of PCMs. However, in the past few
decades, due to a low heating rate (0.01−2 K s−1) of
conventional DSC, the investigation of the crystallization
kinetics has been limited to a narrow temperature range near
the glass transition temperature (Tg). This is much lower than
the real application temperature of PCMs where the
crystallization always happens at higher temperatures when it
is heated by optical or electrical pulses at ultrafast heating rates.
Recently, ultrafast differential scanning calorimetry (ultrafast

DSC) has been developed with the capability of a heating or
cooling rate up to 1 × 106 K s−1.10 Such a high heating rate
makes it possible to extend the crystallization kinetics analysis
to a wider temperature range that is approaching its maximum

for some liquids. In 2012, Orava et al. first applied ultrafast
DSC to study the conventional PCM Ge2Sb2Te5 (GST),11

where the temperature dependence of viscosity for GST was
unexpectedly found to exhibit strong non-Arrhenius kinetics.
Moreover, a fragile-to-strong transition was confirmed on
cooling the liquid of widely used rewritable optical disc
materials known as PCM Ag−In−Sb2Te (AIST),12 and this
explained the discrepancy between switching speed and data
retention. Another growth-dominated PCM Ge7Sb93 has been
revealed,13 and its fragility was moderate but its crystal growth
rate was ultrafast. All these demonstrate that the ultrafast DSC
is powerful in studying the crystallization kinetics of PCMs.
However, the models for analyzing crystallization kinetics are

different among three PCMs, e.g., GST, AIST, and Ge7Sb93.
Orava et al. used the Cohen and Grest (C&G) model for
GST11 and applied the generalized-MYEGA (g-MYEGA)
model for AIST that was developed from the Mauro−Yue−
Ellison−Gupta−Allan (MYEGA) equation.12 The C&G and
MYEGA models were applied for Ge7Sb93.

13 However, the
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predicted crystal growth rate was not verified by experimental
results in the work of GST materials.11 Chen et al. evaluated
crystal growth rates via detecting the crystal size at different
temperatures to confirm that the MYEGA model was more
suitable than the C&G model for the kinetics study.13 Although
some of the crystallization temperatures came from the
estimation via the laser power with assuming Arrhenius-type
growth behavior, rather than being measured directly in Ge−Sb
alloy,14 it might be the first time to confirm the calorimetric and
extrapolated data by detecting crystal growth rates. Never-
theless, complete results of the crystallization temperature via
experimental measurement are highly desired in both Ge−Sb
and other systems.
Compared with GST, the GeTe alloy is of interest for PCM

applications at high temperatures due to its higher crystal-
lization temperature and larger activation energy.15 Given the
simple atomic composition, GeTe is also a good model for
studying the phase change kinetics. Recently, molecular
dynamics simulations have been applied to analyze kinetics of
the supercooled liquid state of GeTe at ultrafast heating
rates,10,16−18 and some physical parameters such as the
viscosity, diffusivity, fragility, and crystal growth rate have
been achieved. It has been confirmed that the fast crystallization
in GeTe is due to the large atomic mobility above Tg, but such
simulation results have not been verified by experiments yet.
In this work, we have studied the crystallization kinetics of

supercooled liquid GeTe by the ultrafast DSC. Two viscosity
models, e.g., C&G and MYEGA, were applied to analyze the
experimental results. The results demonstrated that MYEGA
model was more suitable to describe the temperature-
dependent viscosity and crystallization kinetics for supercooled
liquid GeTe compared to the C&G model. We employed in
situ transmission electron microscopy (TEM) to explore the

real crystal growth rate at a heating rate of 10 K min−1, and the
result was in agreement with the crystal growth rate of
supercooled liquid GeTe that was extrapolated from the
ultrafast DSC test.

2. EXPERIMENTAL METHODS
Amorphous GeTe films were deposited on SiO2/Si(100) by the
magnetron sputtering method using a stoichiometric GeTe target. In
each deposition, the base and working pressures were set to 2.5 × 10−4

Pa and 0.35 Pa, respectively. The thickness of the film was 1.4 μm that
was in situ controlled by a thickness monitor equipped in the chamber
and further checked by a Veeco Dektak 150 surface profiler. Another
thinner film with a thickness of 25 nm was deposited on copper
meshes with holey carbon films for in situ transmission electron
microscopy (TEM) observation. The composition of the film was
examined by energy dispersive spectroscopy (EDS). The sheet
resistances of the as-deposited films as a function of elevated
temperature (R−T) were in situ measured using the four-probe
method in a homemade vacuum chamber.

The Mettler-Toledo Flash DSC 1, operated on the principles
described by Zhuravlev and Schick,19 was employed to investigate the
crystallization kinetics for PCMs. GeTe samples were scratched off
from the glass substrates and loaded on the chip sensors. Then these
samples were heated at the rates from 20 to 40000 K s−1 in an argon-
protected atmosphere. For accuracy, the measurements were repeated
more than four times at each heating rate. We used the Biot number,
which was employed by Orava et al.,11 to evaluate the potential
thermal lag at the testing process. The Biot number is defined as Bi =
hL/κ, where h is the heat-transfer coefficient between the heater and
surface (a typical value is from 2 to 20 kW m−2 K−1, which is also
reasonable in this work and has been confirmed in the Supporting
Information), L is the sample thickness (1400 nm in here) and κ is the
thermal conductivity of the sample (0.5 W m−1 K−1 for amorphous
GeTe at 300 K).20 Taking these values, the Bi is in a range of 0.0056−
0.056, which is much lower than the 0.1, indicating the thermal lag
between sample and heater surface can be negligible.11

Figure 1. (a) Flash DSC traces of amorphous GeTe at heating rates from 20 to 40000 K s−1. JMA numerical simulated DSC traces for GeTe by (b)
C&G model and (c) MYEGA model, respectively. (d) The Tp values of ultrafast DSC tests and JMA numerical simulations. The black squares with
error bar are Flash DSC data, the blue triangles are simulated results with C&G model, and the red spheres are simulated results with MYEGA
model.
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Numerical simulations of DSC peaks were performed in this work.
The heating was approximated as a series of isothermal steps with a
step of 0.05 K. The crystallized volume fraction was calculated by
successive application of Johnson−Mehl−Avrami (JMA) kinetics.21−24

The details are shown in the Supporting Information. Finally, the
transformed volume was calculated at each temperature.
The TEM (JEOL 2100F) with an in situ heating holder (Gatan

628) was employed to observe the whole crystal growth process,25 and
the heating rate is 10 K min−1. To eliminate the undesirable electron-
induced crystallization in GeTe film, the observing area was extended
to ∼5 μm2 to decrease the power density of the electron beam
operated at 200 kV.

3. RESULTS AND DISCUSSION
3.1. Ultrafast Calorimetry Tests and Numerical

Simulations. Figure 1a displays the typical ultrafast DSC
heating flow traces for GeTe at various heating rates. The
obvious exothermic peaks confirm an amorphous to crystal
transformation during heating. The crystallization temperature
(Tp), which corresponds to the position of the exothermic
peak, as shown in Figure 1a, increases from 493 to 560 K when
the heating rate increases from 20 to 40000 K s−1. To unravel
the contribution from nucleation and growth, a simplified
description of nucleation and JMA kinetics theory was used to
determine the growth rate of GeTe following that in ref 26 (see
Supporting Information for details). Figure 1b,c shows the DSC
traces from JMA numerical simulation for two models, i.e.,
C&G and MYEGA, respectively. Figure 1d depicts the Tp
values of ultrafast DSC tests and JMA numerical simulations. It
is evident that the simulated Tp values from both models are
consistent with the experimental data.
3.2. Kissinger Analysis. The Kissinger equation for

crystallization can be expressed as26

ϕ = − +T Q RT Aln( / ) /p
2

p (1)

where ϕ is the heating rate, Tp is the crystallization
temperature, Q is the activation energy for crystallization, R is
the gas constant, and A is a constant, respectively. At low
heating rates, the value of Q is a constant, and then the
relationship between ln(ϕ/Tp

2) and 1/Tp is linear. So, the
Kissinger plot of conventional DSC results usually yields an
Arrhenius behavior. As shown in Figure 2, the R−T data exhibit
a linear Arrhenius behavior with Q = 357 kJ mol−1 (see details
in Supporting Information), while the activation energy Q
decreases toward higher temperatures as expected for a fragile
liquid since the ultrafast DSC data are curved.
3.3. Crystal Growth Kinetics. As Orava et al. suggested

that the signal of DSC is related to crystal growth rate U, but
not directly to the kinetics coefficient Ukin.

26 Therefore, the
crystal growth rate U is given as27

= − −ΔU U G RT[1 exp( / )]kin (2)

with R the gas constant and ΔG the driving force for
crystallization. For ΔG, here, we used the equation of
Thompson and Spaepen,28 which is applicable for fragile
chalcogenide liquids.29 The equation can be written as
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where ΔHm = 17.9 kJ mol−1 is latent heat of melting,16 Tm =
1000 K is the melting temperature,30 and ΔT = Tm − T is the
undercooling temperature.

According to classical nucleation theory,31 crystal growth rate
is given as U ∝ D [1 − exp(−ΔG/kBT)]. Thus, the kinetic
coefficient for crystal growth Ukin is proportional to the
diffusivity D, Ukin ∝ D. Since a Stokes−Einstein relation
between D and viscosity η is D ∝ 1/η,32 a relationship can be
obtained as Ukin ∝ D ∝ 1/η. Here, the C&G and MYEGA
models are taken into account for the temperature-dependent
viscosity (see Supporting Information for details). We got two
Ukin expressions,
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from C&G and MYEGA models, respectively. These
expressions are used to fit the Tp values to describe the
temperature dependence of Ukin, which are shown in Figure 2.
For the C&G model, the given parameters are A = 3.56 ±
0.023, B = 374.8 ± 1.36 K, C = 1.7 ± 0.01, and T0 = 393.5 ±
0.41 K, respectively, with the quality of the fit as R2 = 0.9758.
According to the estimation of ref 17., the Tg of GeTe should
be more than 400 K, which is higher than the parameter T0.
However, Cohen and Grest found that T0 would be 10−17%
higher than Tg in their materials.33 For the MYEGA model, the
given parameters are C1 = −2.0 ± 0.02, log10 η∞ = −3.2 ± 0.05,
Tg = 432.1 ± 0.56 K, and m = 130.7 ± 0.30, respectively, with
the quality of the fit as R2 = 0.9776. The fittings satisfy the R−T
data and ultrafast DSC data, as shown in Figure 2.

Figure 2. Kissinger plot for crystallization of supercooled liquid GeTe
and the crystallization kinetics fitting by two models. Black circles are
the experimental data from ultrafast DSC (the heating rate from 20 to
40000 K s−1). For each heating rate, Tp slightly change due to the
experimental errors, while the value of ln(ϕ/Tp

2) is almost constant.
The orange triangles are the Tp values from R−T test in the same
GeTe film (the heating rate from 10 to 70 K min−1). The blue dashed
curve is fitted by the C&G model, and the red curve is fitted by
MYEGA model.
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3.4. Viscosity and Fragility. The temperature dependence
of viscosity in the supercooled liquid can vary significantly
between different materials. Angell proposed to use fragility m
to describe the degree of deviation of viscosity η from an
Arrhenius behavior,34

η= ∂ ∂ =m T T[ log / ( / )]T T10 g g (6)

As we know, once the temperature is above Tg, the viscosity of
a “strong” liquid exhibits a weak temperature dependence in
Arrhenius behavior, while for the viscosity of a “fragile” liquid
decreases much faster along with increasing temperature in a
non-Arrhenius way.35 The high fragility indicates a relative fast
crystallization speed in a large temperature range at relatively
high temperatures.
Figure 3 shows Angell plots for temperature-dependent

viscosity η for GeTe calculated by two models. It is worthy to

point out that C&G model does not contain required Tg, and
thus Tg of 432.1 K is used in Figure 3 for the C&G model that
is estimated from the MYEGA model. For the C&G fitting, the
viscosity at Tm is fixed to 10−3.05 Pa s.18 Nevertheless, the
viscosity at Tg of ∼1015 Pa s is larger than that of the standard
value (1012 Pa s), indicating that the fitting result at low
temperature (around Tg) by the C&G model is overestimated.
Moreover, the fragility m, which can be obtained by eq 6, is
207. This value is larger than that of the typical fragile liquid
PVC (m ≈ 191).37 Therefore, although the C&G model may
be suitable for the crystallization kinetics and viscosity analysis
of GST supercooled liquid, it might not be suitable to explain
that of GeTe liquid.
We achieved the viscosity at infinite temperature, fragility,

and Tg from MYEGA fitting. The viscosity at the infinite
temperature of GeTe is consistent with that suggested by
Mauro et al.36 As shown in Figure 3, the viscosity at Tm is also
close to 10−3.05 Pa s that is estimated by dynamic molecular
simulation.17 The fragility of the supercooled liquid GeTe we
achieved is larger than that of GST.11 For the Tg of PCMs,
direct results are not available due to the experimental difficulty.
According to Kalb et al.,38 Tg is related to the crystallization
temperature Tp in PCMs, it is about 10 K below Tp at a heating

rate of 40 K min−1. However, it was found that the Tg estimated
from the MYEGA model is about 40−60 K lower than Tp.

14

Here we determined Tp to be ∼478 K using R−T test at a
heating rate of 40 K min−1. Thus, Tg (= 432.1 K) determined
here by the MYEGA model is reasonable. Therefore, the fitting
by the MYEGA model yields more reasonable results to unravel
the crystallization kinetics and liquid’s viscosity compared to
the C&G model.

3.5. Crystal Growth Rates. The MYEGA viscosity model
does give a good fit for the crystallization kinetics coefficient
and viscosity, and thus is a good model for extrapolating the
crystal growth rates to higher temperatures. By employing eq 2,
eq 3, and eq 5, with the parameters in section 3.3, the crystal
growth rate is estimated by the MYEGA model at a
temperature range from Tg to Tm. As shown in Figure 4, the

crystal growth rate reaches the maximum, Umax = 3.5 m s−1 at
0.79 Tm. This Umax is similar to that of GST, AIST, and other
PCMs.11,12,16,39,40,41 The estimated Tg is 432.1 K, and the Tmax
is 790 K; thus Tmax is 1.8 times of Tg, which is slightly larger
than that was concluded in ref 42; i.e., Tmax = 1.48 ± 0.15 Tg.
The in situ TEM images for GeTe film at a heating rate of 10

K min−1 are shown in Figure 5. The corresponding in situ TEM
video is shown in Supporting Information. Figure 5a shows the
TEM image at the temperature is 423 K. Clearly, the film is still
in the amorphous state. There are some nanosized grains in the
film when the temperature increases to 433 K as shown in
Figure 5b, which implies the crystal grains begin to grow at this
temperature. The crystal grains grow rapidly with increasing
temperature from 443 to 463 K as shown in Figure 5c−e, and
the growth ends at a temperature of 463 K because of no
significant change of grain size with further increasing
temperature up to 473 K in Figure 5f. We determined the
value of Tp, that is the temperature with the fastest crystal
growth rate, to be 448 K from the in situ TEM video (see
Supporting Information). This is in line with the result that was
reported in ref 43. Moreover, there is almost no formation of
the new grains when the temperature is above Tp, indicating
that the number density of the nucleation centers N is most
likely saturated upon heating. So it is reasonable to consider N
as a constant used in the JMA numerical simulation. This
saturated N can be estimated by the crystal numbers under the

Figure 3. Angell plots for temperature dependence of viscosity. The
blue dashed curve represents the fitting by the C&G model, in which
the viscosity at Tm is fixed to 10−3.05 Pa s.16 The red solid curve
represents the fitting by the MYEGA model. The thick regions in
above two curves represent the temperature region of ultrafast DSC
data. The black squares are simulated viscosity data from ref 16.

Figure 4. Temperature-dependent crystal growth rates for supercooled
liquid GeTe that is extrapolated by the MYEGA model.
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view field of TEM. The details of this estimation are shown in
Supporting Information. We used N of 1 × 1015 mol−1 in the
numerical simulation for this work.
Figure 6 shows the crystal growth rate that is extrapolated

from theMYEGA model (red line) for GeTe in the temperature

range from Tg to Tm. Recently, the crystal growth rate near to
Tm was evaluated by a method named dynamic TEM
(DTEM).40 As shown in Figure 6, we can see the DTEM
result (purple diamonds) is in line with that of extrapolated by
the MYEGA model at the high temperature range. To further
verify the reliability of the MYEGA model, the crystal growth
rates (U) are estimated experimentally by measuring the crystal
size (d) and the crystallization time (t) with the expression:44

=U d t/2 (7)

As shown in Figure 5e,f, the grains with different shapes are due
to the anisotropy of the crystal growth. The arrow in the Figure
5 is used to trace the growth for a specific crystal grain. We
evaluated all of the crystal size in the field of view as shown in
Figure 5e, and it shows the value of d is in the range of 100−
300 nm. For the corresponding crystallization time t, it is ∼3

min, which can be roughly calculated by the heating rate and
the onset/end temperature of crystal growth in Figure 5.
Therefore, the crystal growth rate at specific temperature of 448
K (the estimated Tp value) can be estimated by eq 7 as 5.6 ±
2.8 × 10−10 m s−1. In addition, from the optical reflection data
that was reported by Libera et al.,43 the crystal growth rate can
be estimated as 2.8 ± 1.3 × 10−9 m s−1 at a temperature of
453.6 K. They are shown as symbols in Figure 6. Together with
the extrapolated R−T and flash DSC results (orange triangles
and black cycles in Figure 6), all these are also in good
agreement with the theoretical rate that is extrapolated by the
MYEGA model. Therefore, the extrapolated temperature
dependence of the crystal growth rate is in accordance with
both the high and low temperature range, which demonstrates
the MYEGA model employed here to analyze the ultrafast DSC
data is reliable. It also suggests that the ultrafast DSC is a
significant method to investigate the crystallization kinetics of
the supercooled liquid PCM alloy.

4. CONCLUSIONS

The crystallization of GeTe amorphous films has been studied
at heating rates from 20 to 40000 K s−1 by ultrafast DSC. Using
the MYEGA model, the viscosity at infinite temperature η∞, the
glass transition temperature Tg, and fragility m are determined
to be 10−3.2 Pa s, 432.1 K, and 130.7, respectively. The
temperature-dependent crystal growth rates are obtained with
the Umax of 3.5 m s−1 at a temperature of 790 K (0.79 Tm) for
GeTe. Crystal growth rate estimated by in situ TEM is in line
with the result from the MYEGA model extrapolation. It
further confirms that the MYEGA model is reliable for
unraveling the crystallization kinetics of supercooled liquid
GeTe. The large fragility and high activation energy for
crystallization at the low temperature range account for a fast
phase transition speed and good thermal stability. It indicates
GeTe is a promising phase change material for long-data
retention at high temperatures.
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Figure 5. In situ TEM images of GeTe film at a continuous heating rate of 10 K min−1: (a) 423 K, (b) 433 K, (c) 443 K, (d) 453 K, (e) 463 K, and
(f) 473 K. The arrows in the figures are used to trace the growth of specific crystal grain. The onset and end temperatures of crystal growth are
estimated to be 433 and 463 K, between which the density of crystals is almost constant. The value of Tp that is the temperature with the fastest
crystal growth rate is determined as 448 K.

Figure 6. Crystal growth rate for GeTe in temperature range from Tg
to Tm. The green star is the crystal growth rate measured by in situ
TEM. The orange triangles and black cycles are evaluated by R−T data
and flash DSC data, respectively. The purple diamonds are measured
by DTEM.40 The pink cycle is the crystal growth rate estimated by
optical reflection data.43 The red curve is the fitting result according to
the MYEGA model.
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Figures and formulas showing the detailed numerical
simulation by the JMA kinetics theory, the estimation of
crystallization temperature and activation energy for
crystallization of GeTe by the R−T method, and two
viscosity methods and the corresponding transferred Ukin

expressions (PDF)
A video showing the crystal growth process at a low
heating rate of 10 K min−1 by in situ TEM (AVI)
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