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ABSTRACT

Random access memory devices that rely on phase changes are primarily limited by the speed of crystallization. However, imaging structural
dynamics in working devices with nanoscale resolution remains elusive. Using an ultrafast liquid-quenching system in transmission electron
microscope, we obtain a melt-quenched amorphous phase-change material Ge2Sb2Te5 nanosheet. We find that the applied incubation field
(pretreatment) leads to nonuniform nucleus formation and growth in the amorphous Ge2Sb2Te5, accompanied by a slight change in electric
properties. Moreover, the phase-change mechanism changes from the material inherent crystallization mechanism (nucleation-dominated)
to the heterocrystallization mechanism, indicating the incubation period of nucleation might be bypassed.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0007124

Nonvolatile phase-change random-access memory (PCRAM)
represents one of the best candidates for next-generation electronic
memory hierarchy.1–5 Bit storage in PCRAM cell operation relies on
the reversible crystalline (c) to amorphous (a) transition of a phase-
change (PC) material.2,6 To achieve “universal memory” with
PCRAM, subnanosecond operation is needed to compete with cache-
type static random-access memory (SRAM).6 Commercialized
PCRAM products are limited by the tens of nanoseconds writing
speed, originating from the stochastic crystal nucleation during the
crystallization of amorphous Ge2Sb2Te5 (GST). In nucleation-driven
PC materials (GST), crystallization occurs via the stochastic formation
of critical nuclei and their subsequent growth. A long incubation
period is needed before the critical nucleus is obtained due to the high
frequency of formation and dissolution of crystalline precursors.7,8

Several important strategies have been tried to improve the
SET or writing speed of the current GST-based PCRAM devices by
shortening the incubation period during nucleation. (i) Doping. A
promising approach is doping phase-change materials with

transition metals like Sc or Ti to generate stable crystalline precur-
sors in the amorphous matrix shortening the incubation period.3,9

(ii) Incubation (pretreatment) effect. Loke et al. introduced a pre-
treatment to preseed nuclei inside the amorphous matrix, such
that the ensuing SET operation becomes primary crystal growth. A
very fast SET speed of �500 ps was achieved on an �30-nm pore-
like GST-based PCRAM device with the aid of a constant low volt-
age.10 (iii) Interface effect. Improvements in crystallization speed
can also be obtained by taking advantage of interface-assisted crys-
tal growth, allowing us to bypass the incubation period during
nucleation.2 It was shown that the growth speed of GST could
reach 1 m/s at elevated temperatures by flash differential scanning
calorimetry experiments,11 which is corroborated by a clear crys-
tallization simulation study demonstrating that rapid growth from
the boundaries could speed up the crystallization process.8

However, direct evidence is still lacking. Thus, understanding the
microscopic origin of crystallization kinetics with the aim of
improving the SET speed is a major goal in the field.
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Here, we present our direct observation of the effects of the pre-
treatment electric field and the c–a interface on the GST nanosheet
during the electric field-induced crystallization process. By building an
in situ Joule heating nanodevice inside a TEM, we developed an ultra-
fast liquid-quenching system to obtain melt-quenched a-GST. We
provided overwhelming evidence that at the nanometer length scale,
the phase-change mechanism changes from the material inherent
crystallization mechanism (nucleation-dominated) to the heterocrys-
tallization mechanism, indicating that the incubation period during
nucleation might be bypassed. The distribution of the pretreatment-
induced nucleus formation and growth is nonuniform and the change
in electric properties is slight, indicating that through careful design,
both fast speed and stability of the amorphous phase can be achieved
simultaneously.

Figure 1 schematically illustrates the preparation of TEM speci-
mens and the setup for the in situ TEM experiments. TEM specimens
are prepared using the focused ion beam (FIB) technique [Fig. 1(a)].
Figure 1(b) shows the in situ TEM experimental setup, in which the
Au wire with the TEM specimen is inserted into the fixed terminal of
the holder and a tungsten (W) probe is connected with the movable
terminal. Before each in situ experiment, a large current is introduced
to the tungsten tip to remove the oxide layer on its surface due to the
Joule heating effect.12–14

The entire experiment involves two processes: obtaining the
melt-quenched a-GST and in situ TEM characterization of the recrys-
tallization of the a-GST nanosheet. Our ultrafast melt-quenching
technique is illustrated in Figs. 2(a)–2(c). The “amorphization” process
of GST requires that the temperature within the memory cell is higher
than the melting temperature of the PC material. As the molten PC
material is quenched rapidly to a lower temperature, the atomic con-
figurations are frozen into the less-ordered amorphous state.15 To
obtain the melt-quenched a-GST, the W tip is first brought into con-
tact with the GST nanosheet [Fig. 2(a)] inside the TEM. A short square

electric pulse then imposes local Joule heating on the GST nanosheet
to induce the formation of a melting zone in the tip of the GST nano-
sheet [Fig. 2(b)]. On instantaneous cessation of the electric pulse and,
consequently, local Joule heating, heat dissipates rapidly through the
W tip and the conductive heat reservoir, creating an extremely high
cooling rate sufficient to vitrify the melt into the amorphous state
[Fig. 2(c)]. Figures 2(d) and 2(e) show a typical example showing the
amorphization process of a GST nanosheet induced by an electric
pulse. Figures 2(f) and 2(g) show the selected area electron diffraction
(SAED) patterns corresponding to the GST nanosheet before and after
the electric pulse, from which the a-GST nanosheet can be confirmed
after the electric pulse. A distinct interface is observed between the
a-GST and c-GST (supplementary material Fig. S1). This a-GST TEM
specimen can serve as an ideal platform to study the microstructural
evolution during the recrystallization process.

To investigate the pretreatment effect, the electrical measurements
and TEM characterization are carried out simultaneously with the
melt-quenched a-GST nanosheet. Figure 3(a) shows three dark field
(DF) TEM images of a section of the GST nanosheet captured when a
pretreatment electric field is applied. No crystalline state GST grains are
observed in the a-GST (image 1 and supplementary material Fig. S1).
Then, a DC voltage (pretreatment electric field) is applied with an
increased interval of 20mV and a dwell time of 10 s. With the increas-
ing pretreatment voltage, the current increases gradually [Fig. 3(b)].
This observed nonlinear I–V characteristic can be attributed to the typi-
cal conduction behavior of a-GST, which follows the Poole–Frenkel

FIG. 1. Schematic diagrams of the experimental setup and process. (a) The FIB
lift-off process. (b) The in situ TEM experimental setup. (c) Enlarged schematic dia-
gram of the dashed area in panel (b). (d) Low-mag TEM image of the in situ TEM
experimental setup and the GST samples. Scale bars: 1lm.

FIG. 2. Electric pulse-induced structural transition of crystalline-to-amorphous
states. (a)–(c) Schematic drawing of the experimental configuration. The W tip is
brought into contact with the GST nanosheet (a) and c-GST at the tip of the nano-
sheet melted by the application of a short square electric pulse (b). Heat dissipates
rapidly through the W tip and Au electrode, vitrifying the melting zone to form
a-GST (c). (d) and (f) TEM image of a polycrystalline state GST nanosheet and the
corresponding SAED pattern. (e) and (g) TEM image of an amorphous state GST
nanosheet after applying the electric pulse and the corresponding SAED pattern.
Scale bars: 200 nm.
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(PF) conduction mechanism.16 The underlying mechanism is com-
monly related to the field-induced increase in the carrier concentra-
tion.17 Orange arrows in Fig. 3(b) are indicated corresponding to the
three DF TEM images in Fig. 3(a). No obvious changes are observed in
the a-GST specimen before the pretreatment voltage reaches 1.4V.
When the voltage reaches 1.4V, a grain with a size of about 4nm
appears at the tip of the GST [image 2 in Fig. 3(a)]. Figure S2 shows
chronologically enlarged DF TEM images of the nucleation and growth
process of another grain. When the voltage is increased to 2V, several
grains emerge [image 3 in Fig. 3(a)]. Finally, the pretreatment voltage is
reduced to 0V. For as-deposited a-GST, no visible structural changes
are observed during the application of the pretreatment electric field
(supplementary material Fig. S3), consistent with the ex situ
experiments.18–21

It should be noted that most of the crystalline grains are distrib-
uted around the two interfaces [indicated by yellow dashed circles in
Fig. 3(a) image 3]. The sandwiched zone between the tungsten tip and
the crystalline GST remains amorphous. This nonuniform distribution
may be due to the interface effect or Joule heating-induced tempera-
ture distribution. To better understand the nucleation kinetics of the
a-GST, a two-dimensional finite element analysis is applied to simulate
the temperature distribution during the incubation process, as shown
in the inset in Fig. 3(b). The heat generated by the current pulse is con-
centrated in the active phase-change area. Compared to the middle
area of the a-GST, the temperature near the tungsten electrode is
lower. This inconsistency suggests that the nonuniform distribution
might be a result of the smaller activation energy of crystallization at
the interface rather than the temperature distribution. These results
agree with previous reports that the heterogeneous nucleation rates are
observed to be far higher than the homogeneous nucleation rates.22,23

Following the completion of the above pretreatment process,
another DC voltage (crystallization voltage) with an increased interval

of 1V is applied [Fig. 3(c)]. Surprisingly, when the voltage is increased
to 2V, crystal growth-induced partial crystallization from the c–a
interface (heterogeneous crystallization) occurs [image 5 in Fig. 3(c)].
The c–a interface moves from position A to position B, accompanied
by the linear increment of the current through the GST nanosheet
[Fig. 3(d)]. This partial crystallization mechanism is quite different
from the traditional homogeneous crystallization. However, when the
voltage is increased to 3V, a homogenous crystallization within the a-
GST matrix occurs (image 6). The observation of randomly oriented
nanosized grains is consistent with the well-established homogeneous
nucleation-dominated phase-change mechanism of GST. Altogether,
we provide direct evidence for the proposal that the recrystallization of
amorphous nucleation-dominated GST occurs both from the interface
and within the interior. Moreover, heterogeneous crystallization
occurs at 2V, in contrast to the homogeneous nucleation and growth
occurring at 3V, confirming that the activation energy of crystalliza-
tion at the interface is smaller. More details about the heterogeneous
crystallization (2V) and subsequent homogeneous crystallization
(3V) processes are shown in Fig. S4.

It is worth mentioning that the current at 2V voltage increases to
about 30 000 nA [Fig. 3(d)], much larger than the current with the
same voltage at the end point of the pretreatment process [about
3000nA, Fig. 3(b)]. This discrepancy could be attributed to continuous
Joule heating and the percolation phenomenon, in which enhanced
electrical conduction is not observed until the crystal grains are con-
nected to each other, forming a continuous electrical path.10,24 The
other thing that should be mentioned is that the crystallization voltage
(2V) applied in this experiment is much lower than the voltage in our
previous experiment using as-deposited a-GST.25 Many studies have
demonstrated that the a-GST nanosheets show different resistances
and microstructures corresponding to the as-deposited and the melt-
quenched state.24,26–28

The electric properties corresponding to the a-GST before and
after pretreatment and crystalline states are also determined (Fig. 4).
The resistance of the GST nanosheet is measured by applying a volt-
age, swept from 0 to 200mV. The insets show corresponding images
and schematics of the microstructure of the three types of GST states.
The red curve shows the initial transport properties of the melt-
quenched high-resistance amorphous state before pretreatment. After
the pretreatment process, a number of nuclei appear in the a-GST
nanosheet. The conductance measured for this amorphous state GST
after pretreatment (blue curve) is �3 times higher when compared to

FIG. 3. The microstructural evolution of the melt-quenched a-GST with the measured
electric properties. (a) DF TEM images of the a-GST nanosheet showing microstruc-
tural evolution during the application of the pretreatment electric field with images (1)
0 V, (2) 1.4 V, and (3) 2 V. In image 3, the W tip is moved away and then moved back
after careful TEM characterization. (b) The relationship between the voltage applied
and current through the GST nanosheet. The inset shows a two-dimensional finite
element analysis of the temperature distribution. (c) The microstructural evolution of
a-GST (after pretreatment) during the application of crystallization voltages with
images (4) 0 V, (5) 2 V, and (6) 3 V. The W tip is moved away again in image 6. (d)
The relationship between the voltage applied and current corresponding to the subse-
quent crystallization process. Note that the current in image 6 reaches the high limit
of the measurement. Scale bars: 100 nm.

FIG. 4. Electric properties corresponding to the amorphous (before/after pretreatment)
and crystalline states. The insets show the DF TEM images and corresponding sche-
matics of the three-state GST.
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the amorphous case before pretreatment (red curve). When the crys-
tallization voltage is applied, the film is transformed from the amor-
phous state into a low resistance polycrystalline state. The
conductance measured for the crystalline state GST (dark curve) is
two orders of magnitude larger when compared to the amorphous
case before pretreatment (red curve). Based on these results, we can
conclude that the change in electric properties induced by the pretreat-
ment electric field (blue curve) is slight compared to the crystalline
state (dark curve), indicating that through careful design of the
PCRAM device, both fast speed and stability of the amorphous phase
can be achieved simultaneously.

A previous study has demonstrated that the pretreatment process
can substantially promote the nucleation and growth of PC materials
via prestructural ordering effects,10 indicating the presence of micro-
structural variations in the amorphous material. In this study, we find
that the applied pretreatment electric field leads to the nonuniform for-
mation and growth of nuclei in a-GST, thus speeding up the crystalli-
zation process, accompanied by a slight change in electric properties.
Most nuclei are distributed around the interfaces because of the smaller
activation energy of crystallization at the interfaces. Therefore, they
could accelerate its phase-switching speeds, without harming the long-
term stability of the switched state. Another important finding in our
experiment is that a heterogeneous crystallization at the c–a interface
was observed. At the nanometer length scale, the heterogeneous crys-
tallization at the interface starts to prevail, consistent with first-
principles calculations.7,8 The heterogeneous crystallization starts with
lower current and temperature (2V) compared to the homogeneous
nucleation (3V), indicating that the heterogeneous crystallization acti-
vation energy at the interface is smaller compared to homogeneous
nucleation, in accordance with the previous results.22,23,29 This result
indicates that the heterogeneous crystallization rate will become the
dominant mechanism when the size of the memory cell decreases fur-
ther. In addition, it has been reported that electron beam-induced
crystallization has been observed consistently in PCRAMs.30–32 By
reducing the beam intensity, crystallization was effectively prohibited.
For example, no obvious change in a-GST could be observed in JEOL
JEM-2100F TEM with the beam intensity lower than 1.6� 1023 em�2

s�1 within 90min.33 In our experiment, the dose rate (DF image
mode) was kept at 2.1 pA/cm2 (1.3� 1011 em�2 s�1), which is a rela-
tively low dose for TEM observation. Therefore, the influence of the
electron irradiation in our experiment is small.

In conclusion, by combining the TEM characterization and elec-
trical measurements of the GST nanosheet, we determine the effect of
the interface and pretreatment electric field on the structural transfor-
mations of the GST nanosheet. We find that the pretreatment leads to
the formation and growth of nuclei in a-GST, which can induce faster
crystallization. Besides, we provide overwhelming evidence for the
proposal that the heterogeneous crystallization occurs as well as
homogenous crystallization in the crystallization process of GST, sug-
gesting that the interface plays a critical role in achieving the desired
crystallization characteristics.

See the supplementary material for the experiment and methods,
DF TEM images of the a-GST and c-GST, nucleation and growth pro-
cess of another grain, pretreatment process of the as-deposited a-GST,
and heterogeneous crystallization process of the melt-quenched a-
GST.
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