RESEARCH ARTICLE

FUNCTIONAL

www.afm-journal.de

Decoupling Nucleation and Growth in Fast Crystallization of

Phase Change Materials
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Disentangling nucleation and growth in materials that crystallize on the
nanosecond time scale is experimentally quite challenging since the relevant
processes also take place on very small, i.e., sub-micrometer length scales.
Phase change materials are bad glass formers, which often crystallize rapidly.
Here systematic changes in crystallization kinetics are shown in
pseudo-binary compounds of GeTe and Sb,Te; and related solids subjected to
short laser pulses. Upon systematic changes in stoichiometry, the speed of
crystallization changes by three orders of magnitude concomitantly with
pronounced changes in stochasticity. Resolving individual grains with
electron backscatter diffraction (EBSD) permits to disentangle of the process
of nucleation and growth. From these experiments, supported by multiphysics
simulations of crystallization, it can be concluded that high crystallization
speeds with small stochasticity characterize phase change materials with fast
nucleation, while compounds that nucleate slowly crystallize much more

fundamental as water.>®! Our understand-
ing of crystallization has been greatly im-
proved by studying glass formers with slug-
gish kinetics to resolve the relative con-
tribution of nucleation and growth dur-
ing crystallization.” In systems such as
lithium disilicate, traditional experimental
methods like optical or electron microscopy
enable the distinct determination of nu-
cleation and growth rates. In contrast, re-
solving the nucleation and growth of poor
glass formers such as phase change ma-
terials (PCMs) is significantly more dif-
ficult due to extremely fast kinetics and
the small length scale of nucleation. Yet,
controlling nucleation and growth in the
fast regime is essential to the development

stochastically.

1. Introduction

The crystallization of glasses or amorphous solids is a key com-
ponent of many technological developments ranging from zero
thermal expansion ceramics!!l to non-volatile memories.? It
also remains a source of controversy in the study of systems as

of the next generations of PCM technolo-
gies such as neuromorphic computing or
multi-level high-density memories.’®! The
development of such devices rests on the
ability to controllably and rapidly induce partial crystallization of
a PCM cell through a sequence of electrical or optical pulses to
encode multi-level information in the form of resistivity or reflec-
tivity steps.[® Furthermore, upon priming, the switching speed
can be increased by orders of magnitude upon controlling the for-
mation of subcritical nuclei.’! In either case, characterizing and
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understanding the decoupling between nucleation and growth
is critical to select a PCM featuring the appropriate crystalliza-
tion characteristics. In addition to speed, the stochasticity of the
process also plays a crucial role. For example, a highly stochas-
tic crystallization can affect the efficiency and precise control-
lability of applications. On the other hand, a stochastic switch-
ing process can be used to solve computational problems effi-
ciently, i.e., close to hardware, such as the generation of true ran-
dom numbers.["%] Since crystallization parameters are critical to
any PCM device, they have been studied using a broad range
of techniques including calorimetric,[>'! optical®! and electrical
measurements.[3%1213] Yet, so far none of these approaches has
enabled the decoupling of nucleation and growth at the high rates
relevant to technological applications, by means of experiments
that also provide high spatial resolution to characterize the crys-
tallization mechanism. Here, we combine fast reflectance mea-
surements and electron backscatter diffraction (EBSD) to decou-
ple nucleation and growth in five PCMs which differ in crystal-
lization speed by more than 3 orders of magnitude. These dif-
ferences are shown to be caused by differences in nucleation
rate, while the crystal growth rate is nearly independent of stoi-
chiometry. This finding also explains why the fast-nucleation ma-
terials crystallize significantly less stochastically than the slow-
nucleation materials, a difference that is crucial for device appli-
cations.

Crystallization is a phase transition driven by the difference
in Gibbs free energy between the crystalline phase and the un-
dercooled liquid." Right at the melting temperature, this dif-
ference is zero. Hence, there is no driving force for crystalliza-
tion. Cooling the material below the melting temperature creates
a driving force for crystallization (AG < 0). However, an activa-
tion barrier needs to be overcome until a crystalline precursor —
a nucleus - is created in the undercooled liquid. The formation
of such a nucleus can be described by the classical nucleation
theory. To meet the thermodynamic condition for a nucleus to
grow the Gibbs free energy gained minus the interfacial energy
has to be at its maximum or beyond it. This way growth of a crys-
talline nucleus is more likely than its shrinkage. This only hap-
pens above a certain critical nucleus size. This critical nucleus
size decreases with decreasing temperature, since the interfacial
energy is approximately independent of temperature,!**! while
the Gibbs free energy difference increases with decreasing tem-
perature. The formation of critical nuclei is a stochastic process
that depends on the size distribution of subcritical nuclei, i.e.,
nuclei that are slightly smaller than the critical nucleus. Due to
the growth and shrinkage of clusters, the initial size distribution
changes with time. This phase is called transient nucleation.!*®!
After some time, the distribution enters a so-called steady state
in which the nuclei continue to grow and shrink because they
are not thermodynamically stable. Yet, the overall distribution re-
mains constant due to the time-independent transition rates be-
tween different nuclei sizes. This steady-state nucleation was de-
rived by Volmer and Weber in 1926!'7! and has been used and re-
fined continuously thereafter in a variety of theoretical(’¥1°l and
experimental(2%2] studies.

Density functional theory (DFT) is usually unable to character-
ize the formation of (sub-)critical nuclei.l>??] This process is gen-
erally too slow and involves a critical nucleus size that exceeds
the typical length scale of several hundred to thousands of atoms

Adv. Funct. Mater. 2024, 34, 2403476 2403476 (2 of 12)

RIGHTS L1 N Hig

www.afm-journal.de

that can be handled by DFT with ease. Yet, critical nuclei as small
as 2-3 nm have been reported for PCMs.[?}] Very recently even
system sizes of 40 X 20 X 20 nm? have been handled.!**! Further-
more, crystallization has been accomplished in a few nanosec-
onds and even less. This time and length scale is still challeng-
ing but can be addressed by DFT. This explains why this approach
has already been used several times to unravel the contribution of
nucleation and growth to crystallization in PCMs.[*2-28] Experi-
mentally, the situation is quite different. Determining the size
distribution of the subcritical clusters experimentally is a non-
trivial problem, due to the nuclef’s very small size. Furthermore,
the high speed of the nucleation process in PCMs at elevated tem-
peratures provides a major challenge for experimental investiga-
tions. It is quite difficult to homogeneously heat a sample instan-
taneously to a desired temperature. Frequently, short, and sharply
defined, tunable pulses are employed, either as laser or voltage
pulses. The pulse length is often identified as the (maximum)
time the sample had to crystallize. The extent of crystallization
reached after this time can then be measured subsequently (post-
mortem), i.e., without time resolution. Measuring for example
the change of reflectance upon applying a short laser pulse can
help to determine the macroscopic degree of crystallization.

The pronounced property contrast between the crystalline and
the glassy state in PCMs facilitates the distinction of both phases.
It stems from the different chemical bonding types present in
the amorphous and crystalline state. This is a highly unusual sit-
uation since it is commonly assumed and recently proven that
bonding in the glassy and crystalline state of, e.g., ordinary oxide
glasses is the same.[?”! For phase change materials, on the con-
trary, the amorphous state features covalent bonding, while the
crystalline state exhibits metavalent bonding.***!l Since this is
both highly unusual and important to understand phase change
materials, we will briefly summarize which knowledge has re-
cently been developed for a large fraction of phase change ma-
terials, including the materials discussed here. The crystalline
state is characterized by a unique property portfoliol>33] (a
high optical dielectric constant, a large Born effective charge
Z*, a number of nearest neighbors larger than expected for
ordinary covalent bonding, anharmonic bonds as seen from a
high Griineisen parameter for transverse optical modes, and a
high electrical conductivity at room temperature reaching val-
ues of bad metals). Furthermore, metavalent solids are found
to have an unconventional bond rupture in laser-assisted field
evaporation!** and are characterized by small charge transfer be-
tween the atoms and the sharing of half an electron pair (one
electron) between adjacent atoms.’>] These metavalent solids
are governed by the interplay between localization and delocal-
ization of electrons.[*] Since the bonding mechanism changes
profoundly upon crystallization,[**’] the material properties also
change considerably, facilitating the observation of crystalliza-
tion in electrical or optical measurements. Consequently, we fol-
low the reflectance changes of the sample as a function of laser
pulse length and pulse power. Such data can be fitted by the
Johnson-Mehl-Avrami-Kolmogorow-model (JMAK-model)*8! or
the phase field model®®! which both rely on reasonable assump-
tions for the nucleation and growth rate. Hence, to avoid any as-
sumption it would be ideal to determine nucleation and growth
rates independently with the required high spatial and temporal
resolution.
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To decouple these processes, electron backscatter diffraction
(EBSD) performed within a scanning electron microscope can be
utilized. With EBSD, the size, and orientation of different grains
at the surface of a sample can be determined,!*”! which is ex-
tremely challenging for macroscopic techniques like optical mi-
croscopy or x-ray diffraction due to the small size of the exam-
ined crystalline grains. Meanwhile, reflectance measurements
permit to capture of the kinetics of crystallization even in the fast
regime.l] Earlier EBSD studies likel*!] concerning crystallization
concentrated on conventional thermally induced crystallization
where the corresponding time and length scales of nucleation
are considerably larger. In our work, combining precise fast time-
resolved optical crystallization experiments with a determination
of the resulting grain structure of the crystallized region provides
detailed information on the nucleation rate and growth velocity
as will be shown for five different phase change materials with
pronounced differences in crystallization kinetics. Three com-
pounds were chosen since they are prototypical phase change
materials, i.e., GeTe, Ge,Sb,Te; and Ag,In;Sb, Te,; (AIST). The
other two are compounds of GeTe combined with the isoelec-
tronic GeSe and SnTe, i.e., Ge,SeTe and Ge,;Sn,Te., which have
been observed to have significantly different crystallization prop-
erties compared to GeTe.[*?]

2. Power-Time-Effect Diagrams

The crystallization parameters of a given material depend
strongly on temperature. Therefore, very fast heat induction into
the system is mandatory to enable fast crystallization. This can be
achieved in two ways, either electrically by micro heaters!“**4 or
optically upon applying well-defined laser pulses.[**] With micro-
heaters, good spatial heat control can be achieved. Nevertheless,
elaborate design and testing are needed to utilize such heaters.
Additionally, the total induced energy is limited. Pulsed lasers
with a well-defined beam profile offer a suitable alternative, pro-
viding intense and short heat induction into the system. There-
fore, in this study, such laser pulses are used to achieve high
temporal resolution. A low-power laser is used to simultaneously
perform fast reflectance measurements to quantify the extent
of crystallization. The initial samples are fully amorphous sput-
tered films that contain no nuclei, unlike melt-quenched sam-
ples. A selected area electron diffraction (SAED) study of such
GeTe samples shows amorphous films without discernible crys-
talline grains.*! Further details on the measurements can be
found in the supplementary information (Figure S1, Supporting
Information). In the current study, the local reflectance change of
the sample is measured. The optical properties of the PCM layer
are different in the crystalline state compared to the amorphous
state, caused by a change in chemical bonding mechanism as well
as film density.?%! This leads to a change, usually an increase, in
reflectance of the sample. This change is approximately propor-
tional to the crystalline volume fraction in the amorphous phase,
as further discussed and simulated in the supplementary infor-
mation (Figure S4, Supporting Information). By incrementally
increasing pulse power as well as pulse length and measuring
the reflectance change caused by crystallization a so-called power-
time-effect (PTE) diagram is measured. The induced temperature
increase is proportional to the laser pulse power. Additionally,
the amount of reflectance change locally maps the portion of the
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sample transformed into the crystalline phase. Therefore, these
diagrams can be compared to time-temperature-transformation
(TTT) diagrams, which are commonly employed to character-
ize crystallization. However, there is no one-to-one correspon-
dence, which is further explained in the following. As shown
in Figure 1 the minimum pulse length required to start crys-
tallization differs drastically between materials from 10% ns for
Ge,Sb,Tes up to 10° ns for Ge,SeTe. Additionally, it can be ob-
served that the faster crystallizing systems, i.e., Ge,Sb,Tes and
Ge,Sn,Te; (Figure la,b), exhibit a significantly less stochastic
crystallization process, compared to the more slowly crystallizing
systems GeTe, Ag,In; Sby, Te,, (AIST) and Ge,SeTe (Figure 1c—e).
Furthermore, it is observed that the onset time of crystallization
is approximately independent of power above some threshold
power. This leads to a vertical edge in the PTE diagram.[*?] Note
that the slight increase in reflectance change in the upper left
corners of the PTE diagrams can be ascribed to the structural
relaxation of the amorphous phase. Furthermore, it is also strik-
ing that the minimum power needed to crystallize the sample
strongly depends on the sample stoichiometry. This can be ex-
plained by the combination of two material properties. The ab-
sorption of the laser light mostly depends on the imaginary part
of the dielectric function ¢, (and to a lesser extent on film thick-
ness). For the amorphous system of for example the Ge,Se, Te, .
pseudo-binary line, it has been shown that €, at the pulse-laser
wavelength strictly decreases from GeTe to GeSe. This can be
attributed to an overall decrease as well as a shift of the max-
imum of ¢, toward higher energies for GeSe.[*’] This explains
the high power needed to crystallize Ge,SeTe. Additionally, the
crystallization temperature T, changes with film stoichiometry.
For a constant heating rate of 20 K min~', a crystallization tem-
perature of 188 °C was measured for GeTe,*’] while Ge,Sb, Te,
crystallizes already at 159 °C.[*®] Hence, GeTe would require a
higher laser power to crystallize an amorphous region. This is in
line with the data shown in Figure 1. Similarly, the contrast after
crystallization for AIST decreases again above a pulse power of
~35 mW. This can be attributed to the induced temperature ex-
ceeding the optimal temperature for crystallization significantly.
The effect is so pronounced for AIST because of its relatively low
melting temperature of 817 K,*’! compared to GeTe (1000 KI>%]),
and Ge, Sb, Te; (889 KI3?1), and therefore also lower optimal crys-
tallization temperature.

In order to clarify the origin of the features observed in the
PTE plot, a multiphysics simulation has been performed. From
such simulations, we expect to obtain answers to the following
questions. Why do different materials have different crystalliza-
tion times? Why does the minimum time to crystallize for a given
material hardly depend on the laser pulse power, once a certain
threshold is exceeded? This independence is surprising since
the different pulse powers should lead to different sample tem-
peratures. In the multiphysics simulation, the optical and ther-
mal properties of the different layer stacks are adequately con-
sidered. A transient heat transfer simulation is performed using
the experimental sample parameters and laser beam with a ra-
dius of 1220 nm. The temperature evolution of the PCM layer
is compiled as a function of time and laser power (Figure 2a).
At this stage, for simplicity of the argument, the influence of the
phase transition on the thermal and optical properties of the PCM
has been disregarded. We have performed such simulations for
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Figure 1. Power-time-effect (PTE) diagrams for five different phase change materials: Ge,Sb,Tes a), Ge;Sn,Tes b), GeTe c), AIST d), and Ge,SeTe e).
Crystallization of the materials leads to a significant increase in reflectance. All materials exhibit a vertical edge, implying that the crystallization speed
which results from the nucleation rate and growth velocity is independent of applied power. Significant differences in the minimum time (pulse length)
needed to crystallize as well as the stochasticity of this process are observed for the five different materials. The two spots of reflectance change observed
for Ge,SeTe at very low powers and very short pulses can be attributed to local impurities on the sample surface since they are also already observable
before the crystallization laser pulse. These impurities seem to be affected already at low pulse powers.

Ge,Sb,Te; and GeTe to better interpret the measured PTE dia-
grams. As shown in Figure 2a, the temperature in the sample
increases in the first 100 ns of a pulse and subsequently reaches
a constant steady state temperature which indeed increases lin-
early with increasing pulse power (Figure 2b. Nevertheless, ex-
perimental PTE plots indicate that the minimum time to crystal-
lize hardly depends upon the pulse power, once a critical thresh-
old is exceeded. This striking observation can be attributed to a
combination of highly temperature-dependent and only slightly
overlapping nucleation rate and growth velocity (as simulated in
Figure 2c¢,d) as well as heating times of 100 ns in the order of
the fastest expected isothermal crystallization (Figure 2f). Let us
consider two characteristic pulse powers, 25 and 40 mW. For a
pulse power of 25 mW, after ~#100 ns, 600 K is reached in the
phase change material. At this temperature, the nucleation rate is
very high and the growth velocity is still modestly high, too. Thus,
fast crystallization can be achieved. At a pulse power of 40 mW,
instead, a temperature of 800 K is reached after 100 ns. This tem-
perature is too high for pronounced nucleation but is ideal for
fast crystal growth. Yet, at times smaller than 100 ns, the temper-
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ature range has already been reached where nucleation is very
high. During this time nucleation can occur without significant
changes in reflectance, which is often denoted as priming. Since
subsequent growth is needed to enable complete crystallization,
the exact timing of previous nucleation has a decreased impact on
the overall crystallization speed. Hence, for both different pulse
powers, a similar crystallization time is obtained. This causes the
PTE diagram to develop an almost vertical border of crystalliza-
tion to start (Figure 2e). In contrast to this, at constant temper-
ature (Figure 2f) fast crystallization is only featured for a small
temperature window where fast nucleation and growth overlap.
The PTE (TTT) diagram was calculated using the non-isothermal
(isothermal) JMAK model. A uniform temperature distribution
over the PCM layer was assumed for simplicity. Additionally to
this effect, a non-uniformity of the temperature distribution in
the illuminated volume also contributes to the development of
an almost vertical border of crystallization in the PTE diagram.
The temperature gradient away from the center of the laser beam
features a fast crystallization temperature for every pulse power
above the power needed to induce this temperature in the center
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Figure 2. Multiphysics simulation of the crystallization of an amorphous film of Ge,Sb, Tes. The maximum temperature in the center of the laser beam
increases during the first 100 ns of the pulse a). The final temperatures after 400 ns exhibit a linear dependence on the pulse power b). The steady-state
temperature increase depends linearly on the applied laser power. Nucleation rate c) and growth velocity d) change significantly with time for the first
~100 ns. Further information on how the temperature dependence on nucleation rate and growth velocity were simulated can be found in (Figure S5,
Supporting Information). Thus, all pulses above 25 m\W reach at some time a temperature range, where rapid nucleation occurs. Thus, the calculated PTE
diagram e) exhibits a nearly vertical border, as observed experimentally. In contrast to this, under constant temperature conditions f), fast crystallization
is only observed in a narrow temperature window ~650 K, at which a sweet spot between fast nucleation and fast growth occurs.

of the beam. The temperature of fast nucleation migrates further
away from the center for higher power pulses. This results in the
coexistence of some regions within the PCM layer (not necessar-
ily overlapping) that have a near-optimal temperature for both
nucleation and growth during the laser illumination. A more de-
tailed explanation can be found in the supplementary informa-
tion (Figure S7, Supporting Information). Both effects decrease
the influence of ule power in the crystallization speed and there-
fore result in the observed vertical edge in the PTE diagram.
Since the crystallization process is not governed by the applied
laser power once a threshold is surpassed, we can get better statis-
tics if we just apply pulses of the same power, which are given
in Table S1 (Supporting Information) in the supplementary in-
formation, and vary the pulse length. The results of such exper-
iments are depicted in Figure 3, which shows the evolution of
the sample reflectance upon laser excitation for different pulse
lengths. This figure reveals an interesting correlation between
the crystallization speed and the stochasticity of the process. For
materials that crystallize rapidly, there is very little stochastic vari-
ation. For each pulse length, the effect on reflectance and there-
fore crystal volume fraction can be predicted very well. There are
only minor deviations from this prediction. A continuous crystal-
lization exhibiting only low stochasticity could be desirable to im-
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plement multi-level memory applications including neuromor-
phic devices.[!l However, for materials that crystallize slowly, the
process is much more stochastic. For these systems, the material
will be either crystalline (high reflectance) or amorphous (low re-
flectance) after the pulse. Whether crystallization happens or not
can therefore only be described stochastically and not determin-
istically as for the rapidly crystallizing systems.

3. Electron Backscatter Diffraction Measurements

To unravel the origin of the different crystallization stochastic-
ities, crystalline spots are examined with electron backscatter
diffraction (EBSD). To produce crystalline spots for this purpose,
pulse powers identical to the measurements depicted in Figure 3
were selected. To obtain a completely crystallized spot the pulse
length was chosen as the longest pulse length in Figure 3 for each
material, i.e., 1.5 X 10° ns for Ge, Sb,Te; and Ge;Sn, Tes, 1.5 x 10*
ns for GeTe, 1.5 x 10° ns for AIST and 2 x 10° ns for Ge,SeTe.
Interestingly, a general correlation between the minimum
time required to crystallize and the grain distribution is found.
For Ge,Sb,Te; and Ge,;Sn,Tes, i.e., the fastest crystallizing ma-
terials, many crystalline grains with distinct boundaries can be
observed in Figure 4a,b. Furthermore, these grains have different
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Figure 3. Optically induced crystallization experiments with varying pulse length and constant pulse power. Note that every data point refers to an
independent crystallization experiment, rather than a real-time reflectance measurement of a single crystallite. In the case of Ge,Sb, Tes a) and Ge;Sn, Tes
b), i.e., the fastest crystallizing materials a continuous transition from the amorphous to the crystalline state can be observed. For GeTe c), Ge,SeTe d),

and AIST e) the transition instead is more stochastic in nature.

sizes and random orientations. This indicates that every grain
grew from a separate nucleus. The fact that different grains have
different orientations shows that they crystallize independently
from each other. The different sizes of the grains are indicative
of their “ages”, i.e., the corresponding clusters were formed at
different times since the growth velocity of the grains should
be independent of their orientation in the amorphous matrix.
Hence crystalline clusters continue to form even after the first
nuclei have crystallized. The sigmoidal shape of the reflectance
change observed for Ge,Sb,Te; and Ge;Sn, Tes is a consequence
of this interplay of nucleation and growth. This aspect will be
discussed in more detail later when we compare our findings
with studies performed at lower temperatures and thus smaller
crystallization rates.

The EBSD data in Figure 4 and the reflectance change in
Figure 3 look very different for the other three phase change
materials, i.e., GeTe, AIST, and Ge,SeTe. This is most clearly
seen for Ge,SeTe, i.e., an equimolar alloy of GeTe and GeSe.
In this case, only a single grain orientation is observed, which
indicates that the entire grain grew from one nucleus. Appar-
ently, no second nucleus formed in the crystalized region even
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though a rather long laser pulse of 2 x 10° ns was applied. This
already provides evidence for a significantly smaller nucleation
rate for Ge,SeTe, compared to Ge,Sb,Te; and Ge;Sn,Te. The
other two EBSD images, i.e., the one for AIST and GeTe look
slightly more complex. On the one side, they seem to exhibit
changes in grain orientation, as can be seen from the near con-
tinuous change of color along the grain. Yet, grains with distinct
orientations normally exhibit clear grain boundaries, as observed
in Figure 4a,b, instead of a continuous change. In that respect,
Kolosov found from detailed TEM investigations of crystalliza-
tion of phase change materials that these crystallized regions of-
ten show “bent planes”.>>>#l So-called transrotational crystals[>!
arise due to density changes in the border region between amor-
phous and crystalline material during crystal growth.[>¢] These
“bent” crystals would exhibit a continuous change in apparent
orientation even though they correspond to a single grain. Hence,
it can be concluded that some materials show fast nucleation
(Ge,Sb,Tes and Ge,Sn,Te;) where several different nuclei de-
velop in the micron-size region illuminated by the laser pulse,
while others show slow nucleation (GeTe, AIST, and Ge,SeTe),
where only a single grain or in the case of GeTe a very low number
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Figure 4. Inverse pole figure (color) and image quality (brightness) of a variety of materials upon crystallization with a laser pulse, measured with electron
backscatter diffraction (EBSD). For each material measurements of 5 to 8 individual crystalline spots were taken. Here are prototypical examples of these
measurements. In the case of Ge,Sb,Tes a) and Ge;Sn,Tes b) a multitude of grains is observed upon illuminating with short laser pulses, indicative of
fast nucleation. For GeTe c) 2 — 3 grains are observed, while for AIST d) and Ge,SeTe e), only a single grain is observed, as explained in more detail in
the text, even though much longer laser pulses are employed than in a) and b). This indicates that nucleation is much slower for these three materials.
No crystal grains are observed outside of the main clusters. This reinforces the interpretation of an initially completely amorphous state of the samples.
f) Color legends of the inverse pole figure for cubic Ge,Sb,Tes and AIST on the left and for hexagonal Ge;Sn,Tes, GeTe, and Ge,SeTe on the right.

of grains develops in this region. The terms fast-nucleation and
slow-nucleation material have been introduced for phase change
materials presumably by Kalb et al.l’”] to distinguish these differ-
ent classes of materials.

The number of grains N,,;,. per crystalline spot in the EBSD
measurements can also be counted. To do so, the number of
grains has been averaged from the grains counted in each
recorded EBSD image after taking 5 to 8 such images for each
material. Further details can be found (Table S2, Supporting In-
formation). AIST was excluded from this analysis since it is hard
to count the grains due to the plane bending. From the crystalliza-
tion data presented in Figure 3, the stochasticity S of the crystal-
lization process can be calculated. This metric is defined as the
standard deviation of the reflectance change during crystalliza-
tion normalized by the reflectance change after crystallization is
finished. Detailed information on the calculation can be found
(Figure S3, Supporting Information). This metric focuses on the
stochasticity of how far the crystallization has advanced after a
given pulse. A time-based metric like the distribution of induc-
tion times[*® or a method calculating the time variation to reach a
given reflectance change differs conceptually since the nucleation
time is not measured explicitly here. The time-based metrics con-
centrate on a specific aspect of crystallization, i.e., nucleation. A
further evaluation of the nucleation time will be discussed later.
The results are shown in Figure 5a, where data points for all ma-
terials studied line up well in a double logarithmic plot, following
the function

S (Negins) = 049 - N2 (1)

Note that in this fit S equals 0.49 for Ng,,;,, = 1, which is very
close to the theoretical value of 0.5 for a completely stochastic
system of two distinct states of equal probability. The clear cor-

relation observed between the stochasticity of crystallization ob-
served in the PTE diagrams and the nucleation rate indicates that
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both quantities are closely interwoven, i.e., that one can be de-
rived from the other. To rephrase this statement, if EBSD shows a
low/high number of grains the crystallization will be of a stochas-
tic/deterministic nature and vice versa.

To simulate crystallization under laser illuminations a mul-
tiphysics analysis has been performed. Here electromagnetic,
heat transfer and phase transition simulations have been self-
consistently coupled.*”] A change in the optical and thermal
properties of the PCM has been taken into account. A phase field
model was utilized to simulate the phase transition. The exam-
ples of Ge,Sb,Tes (Figure 5b) and GeTe (Figure 5c) reproduce
the temporal evolution of crystallization experimentally. The two
simulation runs for GeTe show a larger deviation from each other,
while the two simulation runs for Ge, Sb, Te; practically coincide.
This difference in behavior can be ascribed to the considerably
low nucleation rate of GeTe compared to Ge,Sb,Tes, i.e., the de-
velopment of much fewer nuclei in GeTe compared to Ge, Sb, Tes,
in perfect agreement with the EBSD measurements. So far, it has
been shown that the speed of nucleation governs the stochastic-
ity and speed of the crystallization process. To further quantify
this relation, the nucleation rate and the growth rate have to be
determined.

4, Slow-Nucleation Materials

In the reflectance change data depicted in Figure 3c—e, the ma-
jority of pulses either create no major reflectance change or a
well-defined, rather pronounced reflectance change. Please note
that a minor reflectance change is observed even without crystal-
lization, likely due to structural relaxation effects. A pronounced
reflectance change is only observed if the material has been crys-
tallized in the laser-illuminated region. This requires at least one
nucleation event within this region. Since nucleation is a stochas-
tic process, it can be described by a probability distribution for
the first nucleus Py(t). 40 measurements were thus performed
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Figure 5. Stochasticity of crystallization S versus the number of grains N,,i,s observed in EBSD measurements after the crystallization pulse a). All
materials examined show a clear trend of decreasing stochasticity with an increasing number of grains formed in the illuminated region, as illustrated by
a linear fit in the double logarithmic plot. Different runs of multiphysics simulation of the crystallization process of Ge,Sb,Tes b) show a nearly identical
macroscopic development of the crystal volume fraction y. The inlet shows the simulated grain structure. The high number of nuclei agrees very well
with the EBSD measurements. For the two runs of GeTe c) a significantly different evolution of crystallization is found, due to the stochastics of the
nucleation of a small number of clusters. Again, the simulation closely matches the EBSD measurement. The associated time-dependent grain structure

is given in (Figures S8 and S9, Supporting Information).

for each pulse length to determine P,(t). The increase of Py with
time t depends upon the average nucleation rate /() multiplied by
the probability that a region can still crystallize (1 — Py(t)), which
leads to the equation

aPy

=X =0 (1-Py (1) @)

This differential equation is solved by an exponential function,

Py ()= 1—exp <—{tdt’] (t’)> 3)

which only depends on the nucleation rate. The Gompertz func-
tion gives a sufficient fit for the three systems GeTe, AIST, and
Ge,SeTe. It can be given in the form

Py (t) = exp (—exp (a (b - 1)) )

where a and b are fit parameters. With this finding a constant nu-
cleation rate can be excluded, since the majority of observed nu-
cleation takes place in the transient regime. From the probability
distribution, the expected nucleation time ¢, can be calculated.
Further discussion on the time-dependent nucleation rate can be
found in the supplementary information (Figures S12-S14, Sup-
porting Information).

Significant crystal growth requires a multitude of single-atom
attachment events to the crystalline cluster. Because of the large
number of events that are stochastic in themselves, the entirety
of growth can be considered not to be stochastic, but determin-
istic. Therefore, under identical conditions, all growth processes
need the same time t to proceed after nucleation has occurred.
A growth process can only be detected if the reflectance is in be-
tween that of the amorphous and fully crystallized state. The nu-
cleation event has to occur before the end of the pulse but not so
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long before that the growth would already have ended, leading to
the equation for the probability of a growth event

PG (t)sz (t)_PN(t_tG) (5)

where t is the growth time. The expected number of observed
growth events for every pulse length can then be calculated as
the product of P, for the respective pulse length and the number
of measurements, i.e., 1600, as presented in Figures S12d,S13d,
and S14d (Supporting Information). The number of measure-
ments was increased to compensate for the generally low num-
ber of observed growth events of the slow-nucleation materials
compared to the number of nucleation events. The pulse length-
dependent number of observed growth events agrees well with
the model described, even though it only has a single free pa-
rameter (t). This validates the assumption of a constant growth
time, which is determined to be 3.6 x 10? ns for GeTe, 3.9 x 10?
ns for AIST, and 1.1 X 10° ns for Ge,SeTe.

5. Fast-Nucleation Materials

In the case of the fastnucleation systems Ge,Sb,Te; and
Ge,Sn, Teg, the reflectance change switches continuously from
the amorphous to the crystalline level, as shown in Figure 3a,b.
Hence, there is no possibility to observe independent nucleation
events as seen for the slow-nucleation systems. This prohibits a
comparably precise examination of the time dependence of nu-
cleation. Nevertheless, an approximation of the time to form the
firstnucleus t,, as well as the growth time ¢ can be obtained. This
enables a comparison of all five-phase change materials studied.
To this end, an upper boundary for the time required to form the
first nucleus can be identified as the length of the onset pulse
length t,y for which the reflectance change in Figure 3a,b first
shows clear signs of crystallization, i.e., a distinct increase above
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Figure 6. a) Time required for the first nucleation event for different phase change materials. A significant stoichiometry dependence is observed.
For slow-nucleation materials, the standard deviation for the probability distribution is given as well. All data points are given with uncertainties of
determinability for the used method. These are very small for slow-nucleation materials. Further information on this can be found in (Figures S11-S14,
Supporting Information). b) Growth time for all materials, showing only a marginal dependence on stoichiometry.

the reflectance of the amorphous state (see Figure S15, Support-
ing Information for details).

Crystal growth happens from this onset ¢,y until the end of
crystallization t., which also can be approximated from Figure 3a
b. To determine the crystal growth rate, we have to consider
the number of grains that contribute to the crystallization pro-
cess. For the slow-nucleation materials, this is only a single
grain. However, for Ge,Sb,Te; and Ge,Sn,Tes, several grains
contribute. Hence, the growth time has to be rescaled by the
number of grains in the region illuminated. For an estimate of
the radial velocity this leads to a correction factor by the square
root of the number of grains N,,;,. leading to the equation

tc = (tc - tON) * V Nergins (6)

The results, for both t, and t., are shown in the next section
together with the slow-nucleation materials.

6. Comparing the Crystallization Kinetics for
Different Phase Change Materials

The main results of the last two sections are gathered in Figure 6,
where the time needed for the first nucleation event as well as
the growth time is depicted for all materials studied. This figure
shows that the time for the first nucleation changes drastically
with stoichiometry and increases by over 3 orders of magnitude.
On the contrary, the growth time hardly changes with stoichiom-
etry. This shows that the maximum crystallization speed is gov-
erned by the nucleation rate and not the growth rate. Hence fast-
nucleation materials crystallize much faster than slow-nucleation
materials. Yet, if nucleation were not needed to recrystallize a cer-
tain region of material, i.e., crystalline nuclei with sufficient size
were already available, the growth process transforming the ma-
terial into a fully crystalline region would not show a pronounced
stoichiometry dependence.
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7. Conclusion and Comparison with Previous Work

Understanding the mechanism of fast crystallization in phase
change materials has motivated a plethora of different inves-
tigations. Yet, unraveling the contribution of nucleation and
growth on these short time and length scales is very challenging.
Therefore, in the past, studies were often performed on longer
time scales where only spatial resolution was crucial. A char-
acteristic example of such studies has been published by Kalb
et al., who already found that nucleation behavior differs more
drastically between Ge, Sb,Tes and AIST as compared to growth
velocity.®”! They employed atomic force microscopy studies
of thermally crystallized regions on time scales of seconds to
hours and unraveled significant differences in nucleation rate.
This observation has been attributed to lower interfacial energy
between the amorphous and crystalline phases and a lower
reduced glass transition temperature for Ge,Sb,Te;.[®) It would
be very tempting to extend such an investigation to the other
compounds studied here, i.e., GeTe, Ge,SeTe, and Ge,;Sn,Te.
Yet, such experiments are very tedious and would constitute a
study in its own right. This is beyond the scope of the present in-
vestigation. To obtain data at a much higher temperature, where
crystallization can proceed on a nanosecond time scale relevant
to device operation, fast pulse experiments are required. The
need to unravel nucleation and growth has motivated ingenious
studies by Coombs et al.[162] By applying short laser pulses, they
could distinguish nucleation from the start of crystallization
in as-deposited samples and crystal growth from the complete
erasure time of amorphous spots in a crystalline matrix. These
studies have determined the crystal growth velocity to speeds of
several m s~ up to several 10 m s7!, in line with the required
growth time of ~ 3 x 10% ns for a region of ~ 1 pm. Their investi-
gations on the complete erasure time are of high importance for
the possible implementation of very small switching cells like
for phase change random-access memories, since these would
not depend on nucleation due to growth from the surrounding
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crystalline material. However, larger cells as anticipated in pho-
tonic applications will have to rely on nucleation and subsequent
growth, which is covered in the current study.

In addition, it is highly desirable to directly observe the differ-
ent grains that have formed upon crystallization. In the present
study, the use of EBSD measurements enables the identifica-
tion of different grains’ sizes and orientations. The combina-
tion of short laser pulses and EBSD enables the determination
of the underlying crystallization mechanisms that take place on
nanosecond time scales, producing crystalline grains of just 10 to
100 nm. These experiments unambiguously reveal that the nu-
cleation rate governs both the crystallization speed as well as the
origin of the stochasticity of crystallization for phase change ma-
terials. In particular, we could identify Ge,Sb, Tes and Ge;Sn, Teg
as fast-nucleation materials, while GeTe, AIST, and Ge,SeTe are
slow-nucleation materials. For the commonly used Ge,Sb,Te;,
GeTe, and AIST, this classification is in line with previous
studies.[6364]

There are two further directions of study that are motivated by
the present findings. First of all, it would be interesting to sig-
nificantly increase the database for fast crystallization in phase
change materials by exploring a significantly larger number of
materials. This would enable a validation of the hypothesis that
there is a much more pronounced stoichiometry dependence for
the nucleation rate than the maximum growth rate. Recently it
has already been shown that the crystallization speed is closely re-
lated to the stoichiometry of phase change materials, relating this
speed in particular to the bonding of the crystalline phases.[*?]
As previously mentioned, the crystalline phase change materials
studied here all employ metavalent bonding. It would be interest-
ing to extend the present investigation to a much wider range of
these metavalent solids. Furthermore, it would be interesting to
understand why the maximum growth speed seems to be rather
independent of material stoichiometry.

8. Experimental Section

Sample Layout and Preparation:  To investigate the effects of nucleation
and growth separately this study deals with completely amorphous sput-
tered samples. This way it can be made sure that crystallization initially
always requires nucleation which might not be the case for recrystallizing
melt-quenched spots in a crystalline matrix. In this case, there might also
be crystallization processes that only consist of growth from the remaining
crystalline grains at the border of the amorphized region.

Ge,Sb,Tes, GeTe, and AIST are sputtered from stoichiometric targets,
while Ge;Sn,Tes and Ge,SeTe were co-sputtered. To keep the temper-
ature difference in the sample as small as possible the PCM layer in
the samples was kept thin at 30 nm and a heat barrier of 10 nm of
(ZnS)4(SiO,) was added between the PCM and Silicon substrate. A cap-
ping layer of 100 nm of (ZnS),(SiO,) was added on top of the PCM to
prevent it from oxidation and evaporation of portions of the PCM during
heating.

Optically Induced Crystallization Experiments: A pump-probe setup was
used to crystallize the sample. The pump laser had a wavelength of 658 nm
and was triggered by an arbitrary wave generator with pulses down to
10 ns. The continuous probe laser had a wavelength of 639 nm and was
driven at a laser power of 50 puW. Its power was measured in the incom-
ing as well as the outgoing beam before and after the pulse to determine
the reflectance change. To ensure an ideal alignment of the lasers they are
both coupled into a mono-mode fiber. The lasers were focused onto the
sample to a spot size of 2.3 um (1/e?) in diameter.
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Electron Backscatter Diffraction: The top layer (ZnS),(SiO,) is re-
moved prior to the EBSD measurements by submerging the sample in
1% Hydrofluoric acid for 2 min. After this, the samples were loaded in a
Dual Beam FIB-SEM Helios NanoLab from FEI/Thermo Fischer Scientific,
with an attached EBSD detector (AMETEK, NJ, USA). The SEM was oper-
ated with an acceleration voltage of 20 keV and a beam current of 1.6 nA,
with a chamber pressure of %1076 mbar. The sample tilt and working dis-
tance were set to 70° and 13 mm, respectively. With these parameters, the
EBSD lateral resolution was #30 nm. In the images shown in the paper,
the inverse pole figure of the pole perpendicular to the sample surface is
shown. To distinguish between the amorphous matrix and the crystallized
spot, the image’s brightness values were dependent on the image quality,
i.e., the similarity between neighboring frames. Without any long-range
order, the amorphous matrix is shown as black, while the crystallized re-
gions are visible. An example of the separate Image quality and Inverse
pole figure maps is shown in Figure S1 (Supporting Information).

Multiphysics Simulations: As a comparison to the experimental re-
sults, a self-consistent multiphysics simulation was performed. The multi-
physics model consists of electromagnetic and thermal simulations con-
ducted using the commercial software CST-Studio Suitel®] in combina-
tion with custom phase field crystallization simulations as described in.[3°]
In the electromagnetic simulation, a Gaussian beam with a power of
39 mW at a wavelength of 658 nm and a beam radius of 1220 nm was
used as a field source. The electromagnetic losses in the layer stack were
used as a heat source for the thermal simulation. The resulting tempera-
ture was then used in the crystallization simulation. A domain of 1500 nm
x 1500 nm x 30 nm divided into voxels of T nm x 1 nm x 1 nm was sim-
ulated. The updated crystalline distribution was then used in the next
time step to adjust the material properties of the electromagnetic and
thermal simulations. The time step of the simulations is varied depend-
ing on the rate of temperature change in the PCM layer ranging from
1to 50 ns.

Supporting Information

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