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iii) the stability of the amorphous phase 
near room temperature, which ensures 
data retention. The phase transforma-
tion is also accompanied by a change in 
bonding mechanism,[5,6] in striking con-
trast to Zachariasen's conjecture that 
chemi cal bonds and, hence, the short-
range order are identical in amorphous 
and crystalline solids.[7] In PCMs, cova-
lent bonding prevails in the amorphous 
phase, while a highly unconventional 
bonding mechanism called metavalent 
bonding (MVB)[2,6,8] governs the atomic 
arrangement and properties of the crystal-
line state. Interestingly, PCM applications 
require that the kinetics of this unusual 
phase change must be controlled over a 
striking 16–17 orders of magnitude in 
time.[1] In comparison, the most heavily 
characterized oxide glasses exhibit varia-
tions in crystallization time of less than ten 

orders of magnitudes between the liquid and the glassy state.[9] 
This immediately raises the question of what are the underlying 
factors governing this unusual crystallization kinetics.

Recently, emphasis has been devoted to an improved under-
standing of the undercooled liquid state, which revealed a tran-
sition in the temperature dependence of liquid dynamics.[10,11] 
At the same time, a crucial property of glassy states, namely 
a calorimetric glass transition upon reheating at conven-
tional rates (≈0.1–100 K min−1), has not been detected yet;[12] 
instead, the samples crystallize readily. Since the glass transi-
tion involves the arrest of atomic mobility at lower tempera-
tures, it should drastically affect the crystallization kinetics of 
the system and its temperature dependence. The absence of 
a calorimetric glass transition in Ge2Sb2Te5 has led to a wide 
spread reported values for the glass transition temperature 
Tg ranging from 100 to about 200 °C.[12–17] More importantly, 
this has caused contradicting interpretations regarding the 
phase from which the material crystallizes. On the one hand, 
calorimetric analyses of growth kinetics have been interpreted 
assuming that Ge2Sb2Te5 crystallizes from the undercooled 
liquid (UCL).[15,17,18] On the other hand, indirect measure-
ments of crystallization speed based on PCM cell voltage have 
assumed crystallization taking place in the glassy state.[14,19] 
Unambiguous experimental evidence for either possibility is 
currently missing since kinetic measurements alone do not 
permit clear characterization of a glass transition. We therefore 

Controlling crystallization kinetics is key to overcome the temperature–time 

dilemma in phase change materials employed for data storage. While the 

amorphous phase must be preserved for more than 10 years at slightly above 

room temperature to ensure data integrity, it has to crystallize on a timescale 

of several nanoseconds following a moderate temperature increase to near 

2/3 Tm to compete with other memory devices such as dynamic random 

access memory (DRAM). Here, a calorimetric demonstration that this striking 

variation in kinetics involves crystallization occurring either from the glassy or 

from the undercooled liquid state is provided. Measurements of crystallization 

kinetics of Ge2Sb2Te5 with heating rates spanning over six orders of magnitude 

reveal a fourfold decrease in Kissinger activation energy for crystallization 

upon the glass transition. This enables rapid crystallization above the glass 

transition temperature Tg. Moreover, highly unusual for glass-forming systems, 

crystallization at conventional heating rates is observed more than 50 °C 

below Tg, where the atomic mobility should be vanishingly small.

Glassy Phase Crystallization

Phase change materials (PCMs) such as Ge2Sb2Te5 are ideal 
candidates for memory technologies due to i) their high con-
trast in conductivity and reflectivity between the crystalline and 
amorphous phase,[1–3] ii) the rapid and reversible transforma-
tion between these two phases at elevated temperatures,[4] and 
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use a combination of conventional and ultrafast differential 
scanning calorimetry (DSC and FDSC) to characterize the ther-
modynamic and kinetic signatures of the transition using a 
broad range of heating rates spanning over six orders of mag-
nitude. The simultaneous analysis of the thermodynamic and 
kinetic response in combination with numerical simulations of 
crystallization permits us to unambiguously reveal the nature 
of the phase transformation.

In (F)DSC measurements of Ge2Sb2Te5 at a constant heating 
rate, the thermodynamic response of crystallization is the domi-
nant feature of the thermograms (see the inset of Figure 1). The 
corresponding crystallization peak temperature Tp depends upon 
the heating rate ϑ. The kinetic shift of Tp has long been the basis 
to characterize crystallization kinetics following the Kissinger 
method,[20–23] where the Kissinger activation energy for crystalliza-
tion Ek (i.e., the slope in a Kissinger plot) is obtained, according to
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where kB is the Boltzmann constant and K0 is the prefactor 
of the rate constant K(T). The resulting Kissinger plot for 
as-deposited Ge2Sb2Te5 shown in red in Figure 1 covers an 

unprecedented six orders of magnitude at a total of 32 different 
heating rates, each repeated at least 10 times for good statistics. 
Because of the high data density in Figure 1, two linear regimes 
with distinct activation energies are clearly distinguished. The 
transition between the two regimes occurs near 10 000 K s−1 
and is associated with a drop in Ek by more than fourfold. A 
similar sharp change in crystallization kinetics has also been 
derived from cell voltage measurements.[19] Such a drastic and 
sudden change in crystallization kinetics must have a profound 
microscopic origin. However, the kinetic measurements pre-
sented in Figure 1 alone do not permit to identify the origin of 
the distinct kink between the two temperature dependencies of 
crystallization kinetics. Instead, it is necessary to gain insight 
by combining information on thermodynamics and kinetics 
supported by transmission electron microscopy (TEM) and 
numerical simulations, as discussed in the following.

Figure 2 shows the excess heat capacity Cp
exc of as-deposited 

Ge2Sb2Te5 PCM films measured by FDSC over a wide range of 
heating rates ϑ. The thermal signals exhibit three notable ther-
modynamic features. First, the crystallization exotherm of the 
cubic phase is clearly apparent above 200 °C and is shown to 
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Figure 1. Kissinger plot for crystallization of Ge2Sb2Te5. The peak temper-
ature of crystallization Tp is measured as depicted in the inset for heating 
rates ranging from below 10−2 to 40 000 K s−1. Each point is the average 
of at least ten measurements. The errors in Ek are the standard devia-
tions from the fit procedure. Filled symbols are measured by ultrafast 
DSC and open symbols are measured by conventional DSC. Red sym-
bols correspond to crystallization of the as-deposited state, while blue 
symbols represent crystallization of the Ge2Sb2Te5 heat-treated for 1 h 
at 115 °C (preannealing). Values for the activation energy are obtained 
utilizing Equation (1). Two linear regimes are clearly distinguishable. The 
corresponding activation energy of crystallization Ek reveals a concomi-
tant drop by a factor of four when exceeding 10 000 K s−1.

Figure 2. Selection of ultrafast DSC traces of as-deposited amorphous 
Ge2Sb2Te5 as a function of temperature. Each trace is labeled with the cor-
responding heating rate. The traces obtained at lower rates exhibit a low 
temperature exotherm, which is a characteristic of the enthalpy release 
in quenched glasses while high heating rate traces exhibit an endotherm 
characteristic of complex relaxation processes near the glass transition. 
The exotherm due to crystallization is shown to shift to higher temperature 
with increasing heating rate. Each trace was subtracted by its subsequent 
rescan of the crystallized sample. Afterward, the crystallization exotherm 
was integrated and normalized to the heat of crystallization, which is 
found from DSC measurements to be 39.2 J g−1 (46.4 meV per atom),  
resulting in the given traces of excess heat capacity Cp

exc. The disappear-
ance of the exothermic enthalpy relaxation in the FDSC traces coincides 
with the fourfold drop in the activation energy of crystallization Ek from 
3.13 to 0.69 eV shown in Figure 1.
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shift to higher temperatures with increasing ϑ. Only its onset is 
shown in Figure 2, as it overwhelms the signal (Figure 1 inset). 
Note that the onset of the cubic–trigonal phase transition is 
about 350 °C at a heating rate of 40 K min−1 (see Figure S16 
in the Supporting Information), which is well above the peak 
temperature of the amorphous–cubic transition at all heating 
rates applied in this study (e.g., Tp ≈ 300 °C for 40 000 K s−1). 
Thus, the cubic phase is the relevant phase to the crystallization 
processes probed by the FDSC scans.

Second, a pronounced exotherm at low temperatures prior to 
crystallization is apparent up to 10 000 K s−1. This is the char-
acteristic of glasses obtained by quenching at a much faster 
cooling rate than the reheating rate. This exotherm is a signa-
ture of the high fictive temperature Tf of systems trapped far 
out of equilibrium,[24–26] corresponding to high enthalpy glassy 
states with short structural relaxation times, thereby allowing 
significant enthalpy relaxation during the course of the slow 
reheating. As ϑ increases, the experimental timescale is reduced 
and, thus, enthalpy relaxation progressively shifts to higher 
temperature, until it eventually vanishes near 10 000 K s−1. It is 
worth noting that the onset of crystallization overlaps with that 
exotherm and that both shift concomitantly with increasing ϑ.

The third feature of interest in Figure 2 is the endotherm 
prior to crystallization that develops by increasing ϑ above  
700 K s−1. This endotherm is a well-known effect called 
“shadow glass transition” which results from the broad dis-
tribution of relaxation times in fragile glasses[24,25,27,28] and is 
commonly associated with density fluctuations.[29] During fast 
cooling, slow relaxing domains get trapped in high Tf states 
while fast relaxing domains get trapped in low Tf states.[29] 
Upon reheating, the fast domains can start regaining enthalpy 
while slow domains still need to release enthalpy. These oppo-
site relaxation processes lead to the endotherm and subse-
quent exotherm apparent in Figures 2 and 3. The endotherm 
is exacer bated by higher nonexponentiality (higher fragility), 

higher quenching rates, and preannealing.[28] This effect should 
not be confused with the glass transition. In Figure 3a, their 
difference is demonstrated experimentally for the conventional 
glass-former GeSe, where, in contrast to Ge2Sb2Te5, crystal-
lization does not obscure the glass transition (see Figure 3a). 
The development of an endotherm onset far below the glass 
transition of 295 °C in GeSe is clearly observed after prean-
nealing, which constitutes the shadow glass transition.[25,30] 
Upon increasing preannealing, this transition merges with 
the actual glass transition as previously reported for oxide and 
metallic glasses.[25,31] As shown in Figure 3b, a similar shadow 
glass transition introduced by annealing is also observed for 
Ge2Sb2Te5, but is rapidly obscured by crystallization before the 
glass transition can be revealed. The developing endotherm 
after annealing was previously identified as the onset of the 
glass transition for several PCMs[12] which leads to a significant 
underestimation of Tg as demonstrated in Figure 3. Thus, at 
slow heating rates, crystallization in Ge2Sb2Te5 is initiated and 
proceeds below Tg, and hence within the glassy phase.

While crystallization obscures the glass transition of 
Ge2Sb2Te5 at conventional heating rates, much higher rates can 
be reached by FDSC. Increasing the heating rate shifts crystal-
lization to higher temperatures and could help to reveal the 
onset of the glass transition. The (F)DSC traces at heating rates 
<10 000 K s−1 in Figures 2,3 clearly indicate that the exothermic 
enthalpy relaxation process in Ge2Sb2Te5 has not yet been com-
pleted at the time crystallization starts. Yet, a quenched system 
can only relax exothermically, if it is still far out of equilibrium 
and consequently still a glass. If it were already in the UCL, 
there would be no driving force for such an enthalpy relaxa-
tion, especially not at low ϑ where ergodicity would have been 
easily established. On the contrary, when the heating rate 
exceeds ≈10 000 K s−1, the enthalpy relaxation exotherm van-
ishes completely (Figure 2, upper curves). Instead, FDSC traces 
indeed exhibit only a glass-transition-like endotherm prior to 
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Figure 3. Shadow glass transition in annealed GeSe and Ge2Sb2Te5 glasses. a,b) DSC curves of GeSe (a) and Ge2Sb2Te5 (b) after preannealing. Each 
trace is baseline-corrected using the corresponding crystalline thermogram and therefore constitutes the excess heat capacity Cp

exc. All heating rates 
are 40 K min−1. As-deposited films of both GeSe (a) and Ge2Sb2Te5 (b) release an increasing amount of trapped enthalpy during annealing for 1 h 
at increasing temperatures which leads to a vanishing of the exotherm in the subsequent upscan shown in this figure. While the glass transition of  
GeSe (a) is clearly visible at 295 °C, it is obscured by the crystallization exotherm in Ge2Sb2Te5 (b). Depending on annealing conditions, a shadow glass 
transition is introduced in both GeSe (a) and Ge2Sb2Te5 (b) well below the actual temperature of the glass transition. The glass transition is visible only 
for GeSe (a), but is obscured by crystallization in Ge2Sb2Te5 (b).
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crystallization. This provides a consistent interpretation of the 
combined kinetic and thermodynamic data of Figures 1–3. The 
data at ϑ < 10 000 K s−1 in Figure 1 corresponds to the (F)DSC 
traces exhibiting a noticeable relaxation exotherm, as seen in 
Figure 2. Hence, the kinetic and thermodynamic behavior is 
consistent with Ge2Sb2Te5 crystallizing from a glassy phase 
at low heating rates (<10 000 K s−1). The fact that the change 
in Ek occurs at about the same ϑ as the disappearance of the 
enthalpy relaxation exotherm supports this argument.

If instead amorphous Ge2Sb2Te5 was crystallizing from the 
UCL, preannealing should lead to faster crystallization. Pre-
annealing is commonly applied to study nucleation rates I as 
it permits to intentionally manipulate the population of sub-
critical nuclei and thus the probability to nucleate.[21] If the 
subcritical nuclei population increases (so-called priming), 
I increases which results in a lower Tp, and vice versa, for a 
decrease in subcritical nuclei population (so-called fading).[21,22] 
In Ge2Sb2Te5, priming and fading are both possible.[32,33] To 
clarify, we measure how preannealing at 115 °C for 1 h affects 
the medium range order (MRO) and crystallization kinetics for 
as-deposited Ge2Sb2Te5 samples by fluctuation electron micros-
copy (FEM) and TEM, respectively. This annealing temperature 
is chosen to ensure that the temperature is high enough for the 
largest possible enthalpy relaxation, and is low enough to avoid 
crystallization. In FEM, the variance in scattered intensity as a 
function of scattering vector k is calculated (see the Supporting 
Information). This variance is proportional to the amount of 
MRO.[34] As shown in Figure 4a, the FEM variance peak height 
at k ≈ 3.2 nm−1 increases with preannealing. Therefore, prean-
nealing of Ge2Sb2Te5 leads to an increase in MRO. Most of this 
increase appears to occur in the first hour of annealing, and 
saturates subsequently.

If this increase in MRO corresponds to an increase in pop-
ulation of subcritical nuclei as proposed for PCMs including 
Ge2Sb2Te5,[32] this should result in a higher probability for 
crystal nucleation and thus in more grains in the fully crys-
tallized material. Fully crystallized thin films can be imaged 
via TEM. To find the average number of grains as a function 
of preannealing time, samples of 30 nm thick Ge2Sb2Te5 
were preannealed also at 115 °C for 1 and 2 h and subse-
quently crystallized at 150 °C. From an analysis of the TEM 
images, the average number of grains (Figure 4b) and their 
size were estimated (see Figure S12 in the Supporting Infor-
mation). The increase in the average number of grains with 
increasing preannealing is clearly visible in Figure 4b. Like 
for the MRO, most of the increase in the number of grains 
occurs during the first hour of preannealing. The correla-
tion between MRO and the number of grains supports the 
claim that the MRO measured by FEM corresponds to the 
population of subcritical nuclei. Both increase upon prean-
nealing (priming) leading to a higher probability of crystal 
nucleation.

From the increased probability of crystal nucleation, we 
would expect lower Tp values and shorter crystallization times 
upon preannealing. However, in stark contrast to this expecta-
tion, crystallization is actually delayed to higher temperatures 
by preannealing (Figure 1, blue symbols). The effect of further 
preannealing treatments at constant temperature and constant 
heating rate crystallization is provided in Figures S7 and S9 
(Supporting Information). This observation is incompatible 
with crystallization from the UCL. However, in a glass, prean-
nealing below Tg leads to an increase in viscosity η due to the 
reduction in configurational entropy Sc described by the Adam–
Gibbs relation[35]

Adv. Mater. 2019, 31, 1900784

Figure 4. a) FEM variance of Ge2Te2Sb5 as a function of scattering vector k and b) the average number of grains found from TEM for different prean-
nealing states. a) The FEM variance curves are calculated from 1100 to 1400 diffraction patterns for each annealing state. The variance peak at about 
3.2 nm−1 increases with preannealing time at 115 °C. Most of the increase occurs in the first hour of annealing. An increase in variance indicates 
an increase in medium range order (MRO), which might be correlated with the population of subcritical nuclei and thus the probability for crystal 
nucleation. b) The average number of grains in Ge2Sb2Te5 samples after preannealing at 115 °C and subsequent isothermal heating at 150 °C for 1 h 
for full crystallization are plotted versus the preannealing time. The analysis of TEM images and a graph of the average grain size are provided in the 
Supporting Information. As in the FEM measurements in (a), also here in (b), most of the change occurs during the first hour of preannealing at  
115 °C. b) The increase in average number of grains confirms the increase in population of subcritical nuclei by preannealing as the main source for 
(a) increased MRO measured by FEM.
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where η0 and B are constants. The configurational entropy Sc 
is proportional to the excess entropy Sexc.

[36] The Sexc can be 
calculated from the difference in excess heat capacity[11]∆Cp

exc 
between the as-deposited and preannealed Cp

exc curve given in 
Figure 3b. Integrating ∆Cp

exc/T in between the onset tempera-
tures of enthalpy relaxation and crystallization, 80 and 160 °C,  
respectively, yields a loss in excess entropy Sexc of more than 
18 mJ g−1 K−1 (0.25 kB atom−1). This causes a significant 
increase in η of the annealed glass. Such an increase in η upon 
thermal treatment has been demonstrated experimentally in 
fast-quenched chalcogenide systems such as infrared fibers.[37] 
Given that crystal growth velocity v and nucleation rate I are 
both inversely proportional to η,[14,17,38–40] an increase in crys-
tallization time (Figure S7, Supporting Information) and in Tp 
then ensues (Figure 1; Figure S9, Supporting Information). 
This decrease in crystallization kinetics is more pronounced 
at higher heating rate which causes a larger difference in Tp 
(Figure 1), and thus, the apparent change in Ek from 3.13 to 
2.76 eV for the as-deposited and the preannealed Ge2Sb2Te5, 
respectively. This observation further supports the hypothesis 
of crystallization from the glassy phase at ϑ < 10 000 K s−1.

Notably, Ek of as-deposited and preannealed Ge2Sb2Te5 
in the high ϑ regime is essentially the same within the error 
(0.69 ± 0.10 and 0.72 ± 0.08 eV, respectively) (Figure 1), sug-
gesting thermal history–independent crystallization kinetics. 
This is consistent with crystallization from the UCL, and there-
fore, the kink observed at ≈10 000 K s−1 must correspond to 
an emerging glass transition. To explain, why Ek drops upon 
the emerging glass transition and why an offset in Tp values 
persists for crystallization at heating rates above 10 000 K s−1,  
numerically simulations of the crystallization process are 
required.

In order to verify that preannealing leaves Ek unaffected 
when crystallization occurs in UCL, a similar Kissinger anal-
ysis for GeSe was performed. Here, Tp was measured for as-
deposited GeSe and compared to that of GeSe preannealed at 
165 °C for 1 h. During the preannealing, an excess entropy of  
37.1 mJ g−1 K−1 (0.338 kB atom−1) is released; therefore, the 
isoconfigurational η of the glassy phase is increased. GeSe 
behaves as a conventional glass crystallizing from the UCL 
after undergoing a glass transition even at low heating rates 
(Figure 3a). Since crystallization occurs from the UCL, thermal 
treatment below Tg = 295 °C should not affect the activation 
energy of crystallization Ek in GeSe, but may lead to a possible 
change in Tp due to a variation in subcritical nuclei popula-
tion. As can be seen in Figure 5, no significant change in Tp is 
induced upon preannealing indicating only marginal changes 
in the subcritical nuclei population. Most importantly, Ek before 
and after preannealing is identical, and there is no disconti-
nuity in Ek. Rather, a progressive curvature in the Kissinger plot 
is observed before and after preannealing. These observations 
are in line with expectations for systems crystallizing only from 
the (undercooled) liquid state.[23,41] The distinct differences 
between GeSe (crystallizing from the UCL) observed in 
Figure 5 and Ge2Sb2Te5 seen in Figure 1 then unambiguously 

confirm that Ge2Sb2Te5 crystallizes from a glassy phase at rates 
below ≈10 000 K s−1, where Ek differs from as-deposited and 
preannealed Ge2Sb2Te5.

Overall, the results of Figures 1–5 show that the endotherm 
observed for Ge2Sb2Te5 at heating rates higher than 10 000 K s−1  
corresponds to the emerging glass transition. However, it is 
measured at extremely high rates and likely only constitutes 
the onset of the transition. Therefore, we still lack a reliable 
estimate for the standard Tg defined at a rate of 20 K min−1. In 
order to derive a more precise value, we use the plot of Velikov 
et al. to estimate Tg from the enthalpy relaxation dynamics of 
hyperquenched glasses.[42] Figure 6 compares the excess heat 
capacity of a series of hyperquenched bulk glass formers with 
well-established Tg values. The temperature axis is scaled by 
Tg to enable comparison over a wide variety of glass formers 
including oxides, metallic, and molecular glasses spanning over 
a wide range of Tg and the full range of fragility. It is found that 
the enthalpy recovery exotherm of all glasses reaches a max-
imum near T/Tg = 0.85–0.95. This provides means of estimating 
the Tg of Ge2Sb2Te5 using its enthalpy recovery exotherm. 
Choosing a value of T/Tg for the exotherm maximum compa-
rable to that of orthoterphenyl because of similar reported fra-
gility values[17,42] yields Tg = 200 ± 10 °C. This Tg value supports 
the conclusion that Ge2Sb2Te5 crystallizes from the glassy state 
when reheated slowly (<10 000 K s−1). Indeed, its onset of crys-
tallization is ≈150 °C at 20 K min−1, being roughly 50 °C below 
the standard glass transition temperature Tg at 20 K min−1. 
As shown in Figure 6, a value of Tg = 110 °C far below the  
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Figure 5. Kissinger plot for crystallization of GeSe. Red symbols corre-
spond to crystallization of the as-deposited glass, while blue symbols 
correspond to crystallization of the glass heat-treated for 1 h at 165 °C. 
From conventional DSC measurements, the enthalpy of crystallization is 
found to be 43.5 J g−1 (34.2 meV atom−1). No abrupt change in activation 
energy of crystallization Ek but rather a continuous curvature is present 
in both as-deposited and preannealed GeSe. Moreover, there is no signifi-
cant difference in crystallization kinetics between both states.
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crystallization onset as previously suggested[15,17] would signify 
that the system is still slowly relaxing even through it is already 
in the ergodic UCL state well above Tg. Such a low value of Tg 
is therefore not compatible with the general relaxation kinetics 
of glasses. Utilizing the Tg value of 200 °C, as derived here, 
and viscosity data of liquid Ge2Sb2Te5,

[43] we find m = 98 by  
Mauro–Yue–Ellison–Gupta–Allan (MYEGA) function fitting[44] 
(see Figure S5 in the Supporting Information). This conclusion 
is consistent with the fragility value of m = 90 reported earlier.[17]

As shown in Figure 2, the enthalpy relaxation exotherm has 
completely vanished at ϑ ≈ 20 000 K s−1. Hence, this ϑ value 
should be close to an effective cooling rate attributed to the 
sputter deposition process. If the cooling rate is equal to the 
heating rate, the apparent glass transition temperature Tg is 
equal to the fictive temperature Tf. For a consistency check, a 
value of Tg for a rate of 20 000 K s−1 can be approximated using 
the Moynihan method for the rate dependence of Tf

[45] making 
use of the values determined for m and Tg (see the Supporting 
Information). This approximation yields 224 °C consistent 
with the endotherm onset in the FDSC scan of 20 000 K s−1 
observed in Figure 2. Therefore, the fourfold drop in activa-
tion energy Ek corresponds to the emerging glass transition at 
ϑ > 10 000 K s−1.

In the classical picture, near Tg glasses usually have a lower acti-
vation energy of viscous flow than the UCL, because the atomic 
configuration is frozen-in by vitrification. Thus, according to the 
Adam–Gibbs equation (Equation (2)), an approximately constant 
configurational entropy Sc only leads to an Arrhenius behavior 
of viscosity of constant activation energy, while in the UCL, the 
activation energy decreases with increasing temperature. Since 
the crystal growth velocity v and nucleation rate I are inversely 
proportional to the viscosity η, the activation energy Ek would be 

lower in glasses than in the UCL. The observed fourfold drop in 
activation energy Ek upon emerging glass transition at a heating 
rate of ≈10 000 K s−1 appears to be inconsistent with this clas-
sical picture. However, this is a consequence of probing a high-
fragility system with an unconventionally high heating rate. 
The rate is high enough to probe the high-temperature regime 
where the activation energy of viscosity becomes much lower  
(see Figure S3 in the Supporting Information), compared to that 
of the glass sampled at a lower rate. To gain a deeper insight, 
we perform numerical simulations of the crystallization behavior 
as an attempt to reproduce the experimental observations  
from (F)DSC. The simulation is based on evaluating the 
Johnson–Mehl–Avrami–Kolmogorov (JMAK) model for crystalli-
zation at constant heating rate similar to refs. [18,23]. In the JMAK 
model, the variation of the crystallized volume fraction is con-
trolled by the rate constant K that is composed of crystal growth 
velocity v and nucleation rate I. The crystallized volume fraction 
should be proportional to the enthalpy being released during 
crystallization,[51] which can be used to simulate the heat capacity 
peak temperature of crystallization (Tp). Details of these simula-
tions are presented in the Supporting Information.

First, crystallization is simulated for the glassy phase to vali-
date the simulation method. Since the experimental Tp values 
of the glassy phase (below 10 000 K s−1) follow an Arrhenius-
like ϑ dependence, the temperature dependence of the rate 
constant K(T) also has to be Arrhenius-like,[52] i.e.,

K(T) = K0 exp(−Ek/kBT) (3)

Using the prefactor K0 and the activation energy Ek found 
from fitting Equation (1) (Figure 1), crystallization is simulated 
(see the Supporting Information). The resulting Tp values are 
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Figure 6. Estimation of the standard Tg value of Ge2Sb2Te5 using the hyperquench method. The enthalpy recovery exotherm is shown for a wide 
variety of hyperquenched glasses including oxide, metallic, and molecular glasses over a broad range of Tg (246–944 K) and a broad range of fragility  
(m = 20–81). Orthoterphenyl,[42] pitch,[46] Pd77.5Cu6Si16.5,

[47] La55Al25Ni20,
[26] basaltic fiber (SiO2: 49.3, Al2O3; TiO2: 1.8; FeO: 11.7; CaO: 10.4; MgO: 

3.9; Na2O: 3.9; K2O: 0.7),[48] soda lime–silicate (SiO2: 70.5; Na2O: 8.7; K2O: 7.7; CaO: 11.6; Sb2O3: 1.1; SO3: 0.2),[49] and GeO2.
[50] All glasses show a 

maximum of enthalpy release near T/Tg ≈ 0.9. If the glass transition of Ge2Sb2Te5 is set to be Tg = 110 °C, the maximum of the enthalpy release would 
be above Tg 1 (gray line). Setting a value of T/Tg for the enthalpy release maximum comparable to that of orthoterphenyl due to similar reported fragility 
values yields Tg = 200 ± 10 °C (black curve).
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shown in Figure 7 (open circles) alongside experimental data 
(full diamonds, same data as in Figure 1), which show excellent 
agreement below 10 000 K s−1. This confirms the validity of the 
simulation method.

Then, crystallization is simulated for the UCL, based on the 
Tg and fragility values found in this work, the MYEGA model for 
viscosity η, and an Avrami exponent n = 5.8 (see the Supporting 
Information). The calculated Tp values for the UCL (full circles) 
show a continuous change in slope, as reported in ref. [23],  
indicating a decrease in Ek as ϑ as increases. Between 10−3  
and 100 K s−1, Ek in the UCL on average is 4.72 eV. The experi-
mental Ek values of glassy states (i.e., Ek = 3.13 eV (as-deposited) 
and 2.76 eV (preannealed)) are significantly smaller than that for 
the UCL in the corresponding ϑ regime. Hence, for crystallization 
at heating rates accessible to conventional DSC up to ≈100 K s−1,  
Ek (UCL) >Ek (glass), as expected from the classical picture. 
Below 10 000 K s−1, the curved heating rate dependence of 

 simulated Tp values for UCL does not agree with the Arrhenius-
like experimental data, indicating that the measured data do not 
correspond to the UCL. With increasing ϑ, in the range between 
104 and 105 K s−1, the Ek value for the UCL decreases continu-
ously to 1.28 eV. As the heating rate ϑ is increased further, the 
simulated activation energy approaches the experimental values 
of 0.67 eV (as-deposited) and 0.71 eV (preannealed). Neverthe-
less, the experimental and simulated Tp values for the UCL do not 
equalize. Below 10 000 K s−1 this is expected because Ge2Sb2Te5 
crystallizes from a glassy phase and not from the UCL. Above 
10 000 K s−1, glass transition and crystallization interfere, which 
is accounted for in the simulation model developed below.

To account for an emerging glass transition as ϑ exceeds 
10 000 K s−1, the simulations are modified. The temperature 
dependence of nucleation rate I(T) and crystal growth velocity 
v(T) is instantaneously switched from glass-like to UCL-like at 
the experimental Tp value at 10 000 K s−1 (i.e., Tp = 242 °C (as-
deposited) and 261 °C (preannealed)). This instantaneous glass 
transition (IGT) model surely is a simplification since the glass 
transition usually spans over a temperature interval of certain 
width. However, the Tp values simulated under this assump-
tion (crosses in Figure 7) and the experimental Tp agree fairly 
well. Moreover, the activation energy Ek values of the modeled 
Tp values between 104 and 105 K s−1 are now 0.60 eV (as-depos-
ited) and 0.70 eV (preannealed). The simulated Ek values for the 
IGT model are now almost equal to the experimental values of 
0.69 eV (as-deposited) and 0.72 eV (preannealed). Therefore, 
the kink in experimental Tp values while exceeding 10 000 K s−1  
is a manifestation of the interference of glass transition and 
crystallization. Hence, despite its simplifications, the IGT 
model for the transition from glass-like to UCL-like tempera-
ture dependence of crystallization permits us to reproduce the 
main experimental findings quantitatively.

Accordingly, the offset in experimental Tp data of as-depos-
ited and preannealed Ge2Sb2Te5 above 10 000 K s−1 stems only 
from the modification of the glassy phase introduced by prean-
nealing. When exceeding 100 000 K s−1, the Tp values of the IGT 
(crosses) overlap with those of the UCL (full circles) (Figure 7), 
indicating crystallization being fully dominated by the tempera-
ture dependence of the UCL. Also, in this regime, the differ-
ence in Tp of as-deposited and preannealed samples vanishes 
as expected. So, below 10 000 K s−1, Ge2Sb2Te5 crystallizes 
from the glassy phase alone whereas above that rate the drastic 
decrease in activation energy Ek is caused by the emerging glass 
transition during ongoing crystallization.

Crystallization kinetics of Ge2Sb2Te5 have been analyzed for 
heating rates ϑ spanning more than six orders of magnitude. 
The corresponding data reveal a fourfold drop in activation 
energy Ek. We attribute the drop in Ek to the transition from 
crystallization of a glassy phase below 10 000 K s−1 to crystal-
lization of the UCL state above it. The thermodynamic analyses 
of (F)DSC traces show the presence of enthalpy relaxation in 
Ge2Sb2Te5 up to 10 000 K s−1, which is a signature of a glassy 
phase. The vanishing enthalpy relaxation upon exceeding 
10 000 K s−1 coincides with the fourfold drop in Ek. This drop 
is reproduced when the crystallization process is simulated 
numerically, assuming a glass transition at 10 000 K s−1. Thus, 
the fourfold drop in Ek is caused by the concurrence of crys-
tallization and the glass transition. We note that the highest 
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Figure 7. Kissinger plot of experimental and numerically simulated crys-
tallization peak temperature Tp. Open circles represent Tp values numeri-
cally simulated based on the parameters found from fitting Equation (1) 
to experimental Tp data below 10 000 K s−1 (Figure 1), which show excel-
lent agreement. For calculating the Tp values for the UCL (blue full cir-
cles), the MYEGA model for viscosity η, Tg = 200 °C, m = 98, and the 
Avrami exponent n = 5.8 are used (see the Supporting Information). For 
rates in between 10−3 and 100 K s−1, the Kissinger activation energy Ek for 
the UCL is 4.72 eV, which is higher than the Ek values found for experi-
mental data of the glassy phase (3.13 and 2.76 eV, Figure 1), confirming 
the classical picture. Below 10 000 K s−1, the UCL Tp values do not align 
with experimental values and show a curvature that is not observed in 
experiments (diamonds in background), since here crystallization occurs 
from a glassy phase. However, at higher heating rates the Tp values of 
the UCL do also not align with the experimental data. Only when a glass 
transition is introduced in the simulations at T = Tp (10 000 K s−1) by 
instantaneously changing the temperature dependence of crystallization 
from glass like to UCL like in the IGT model developed, the simulated 
Tp values (crosses) resemble the experimental Tp data and the observed 
drop in activation energy Ek is reproduced.
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heating rate of 40 000 K s−1 accessible to the FDSC in this study 
is still a few orders of magnitude lower than that for crystalliza-
tion in PCM device operations (up to ≈1010 K s−1). Probing crys-
tallization from UCL at even faster heating rates requires ultra-
fast techniques such as pump–probe X-ray, which may provide 
further insight into the fast switching behavior in PCM devices.

Furthermore, FEM and TEM measurements demonstrate an 
increased probability of crystal nucleation upon preannealing. 
For crystallization from a UCL, this would lead to a lower Tp. 
Instead, an increased Tp is observed in preannealed Ge2Sb2Te5 
demonstrating decreased crystallization speed. This obser-
vation can only be explained by crystallization from a glassy 
phase, where preannealing introduces aging and a higher vis-
cosity of the glass, lowering atomic mobility. We emphasize 
that the glass transition is rate dependent. An estimation of Tg 
for a conventional rate of 20 K min−1 is about 200 °C. Com-
bining the findings of kinetics, thermodynamics, microscopy, 
and numerical simulations, we conclude that Ge2Sb2Te5 crystal-
lizes from the glassy phase below 10 000 K s−1, in contrast to 
previous claims.[13,15,17,18,23,40]

The glass transition temperature of 200 °C (at 20 K min−1) is 
about 175 °C above room temperature, which ensures the sta-
bility of the amorphous phase. Yet, Tg is low enough to easily 
enter the rapid crystallization regime of the UCL. Thus, in 
Ge2Sb2Te5, Tg constitutes a key quantity to overcome the tem-
perature–time dilemma. The fourfold drop in activation energy 
Ek associated with a heating rate of ≈10 000 K s−1 permits us to 
identify the heating rate required to achieve ultrafast switching 
and allows for an optimization of the electrical pulse energy 
required to reset the memory element.

Crystallization is observed as low as 50 °C below Tg at the 
heating rate of 20 K min−1, where it intuitively should be inhib-
ited by vanishing atomic mobility, exposing the strong tendency 
of PCMs to crystallize. Structural rearrangements like crystalli-
zation at these temperatures might relate to β-relaxation, which 
remains fast upon cooling below Tg.

[25,53]

Interestingly, Ge2Sb2Te5 and glassy water both exhibit no 
clear calorimetric glass transition, since it is obscured by crys-
tallization. Therefore, numerous values for Tg were proposed, 
ranging from 100 to 200 °C and from 120 to 170 K[42] for 
Ge2Sb2Te5 and water, respectively. Given the phenomenological 
analogy in the DSC scans between hyperquenched water and 
as-deposited Ge2Sb2Te5, the finding of crystallization below Tg 
for Ge2Sb2Te5 suggests that water may also crystallize below 
its Tg.

PCMs like Ge2Sb2Te5, GeTe, and (Ag,In)-doped Sb2Te (AIST) 
generally show high fragilities and bad glass-forming abili-
ties,[38,54] while related chalcogenides like GeSe are non-PCMs 
that exhibit better glass-forming abilities with lower fragilities 
and the presence of a calorimetric glass transition.[11] The ques-
tion arises what is the origin of such distinctive differences 
between PCMs and non-PCMs, since GeTe and GeSe are isole-
lectronic and should hence have similar bonding mechanisms. 
Yet, it has recently been shown that contrary to this expectation, 
the bonding and properties of crystalline GeTe and GeSe differ 
significantly. As mentioned above, crystalline PCMs like GeTe 
or Ge2Sb2Te5 possess a special bonding mechanism, namely, 
MVB, which is absent in the non-PCMs like GeSe.[5,6] MVB is 
characterized by the competition between electron localization, 

which characterizes covalent bonding, and delocalization, the 
hallmark of metallic bonding.[6] Hence, for crystalline PCMs, 
a number of different possible atomic arrangements exist, 
which are quite similar in energy, but rather different in atomic 
arrangement and physical properties.[5,55] This might manifest 
in amorphous PCMs as a rugged energy landscape, which has 
been related to liquid fragilities. This suggests that the high fra-
gility, the distinct crystallization behavior, as well as the poor 
glass-forming ability in amorphous PCMs may be interwoven 
with the chemical bonding in their crystalline phases.

Experimental Section

In this work, amorphous Ge2Sb2Te5 and GeSe samples were prepared 
via magnetron sputter deposition from stoichiometric targets utilizing 
a base pressure of 3 × 10−6 mbar and an argon gas flow of 20 sccm. 
The sputter deposition time was adjusted to yield a final thickness of 
about 3 µm for (F)DSC samples. The deposited materials were peeled 
from the substrates afterward. Conventional DSC was performed on a 
PerkinElmer Diamond DSC and ultrafast calorimetry on a Mettler–Toledo 
Flash DSC 1 (FDSC) utilizing heating rates ϑ ranging from 0.008 to  
5 K s−1 and from 10 to 40 000 K s−1, respectively. The upper temperature 
limit of the FDSC was 450 °C. All (F)DSC data were corrected by the 
melting onset temperature of indium at the corresponding heating rate 
as described in the Supporting Information and shown in Figures S1 
and S2 (Supporting Information). In this case and as already reported 
for Ge2Sb2Te5, the Biot number was less than 0.1,[15,17] indicating 
that thermal lag during FDSC measurements was negligible (see the 
Supporting Information). Utilizing a thermal conductivity for GeSe of 
about 1.2 W m−1 K−1,[56] a Biot number of 0.03 was found, which was 
also less than 0.1 and thus, thermal lag in GeSe can be neglected as well 
(see the Supporting Information).

Grain size measurements were performed on an FEI Tecnai F20 
transmission electron microscope. The Ge2Sb2Te5 layer of 30 nm is 
situated in between of two layers of amorphous capping material. All 
three layers were deposited by sputter deposition as described above 
on a substrate featuring a 50 nm thick Si2N4 electron transparent 
membrane. The as-deposited and preannealed samples (1 and 2 h at 
115 °C) were brought to 150 °C for 1 h to allow for full crystallization.

For FEM, 40 nm of Ge2Sb2Te5 was directly sputtered onto an ≈8 nm 
thick amorphous carbon film which was supported by a copper grid. Four 
samples were measured in the as-deposited state, and in preannealed 
states (115 °C for1, 2, and 4 h). FEM measurements were conducted on 
an FEI Titan G2 80–300 STEM. For each sample, 1100–1400 diffraction 
patters were taken and utilized for calculating the variance in scattered 
intensity as a function of scattering vector k (see the Supporting 
Information for details).

The thermal treatment on the TEM samples for measuring the grain 
size and the FEM variance were performed under an argon atmosphere 
in the DSC.

Supporting Information

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