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The reliability of Ge–Sb–Te phase-change memory (PCM) devices has been limited by failure due to void

formation and this still remains one of the critical issues affecting their use in storage-class memory

applications. To directly observe the void formation processes in real-time, we implemented in situ

switching of PCM devices by applying set and reset voltage pulses to a Ge2Sb2Te5 (GST) cell inside

a transmission electron microscope (TEM). The in situ TEM observations directly show that a void

nucleates preferentially near the TiN bottom electrode in the GST cell, where the temperature is the

highest. The nucleated void grows gradually until it reaches a certain size while migrating slowly toward

the positively biased electrode. The fully grown void then continues migrating toward the positively

biased electrode in subsequent set pulses. The observed polarity-dependent void migration can be

explained by the field-induced redistribution of the constituent elements, especially by the

electromigration of under-coordinated Te� ions which have vacancies around them. When the reset

pulse with the same voltage polarity is applied, the voids exhibit a slight volume shrinkage but are not

completely eliminated, resulting in a reset-stuck failure. The present in situ TEM observations revealing

the nucleation, growth, and polarity-dependent migration of voids will contribute to the fundamental

understanding of the failure by void formation in nanoscale GST-based PCM devices and help improving

the design of reliable PCM devices.
1. Introduction

Phase-change memory (PCM) is currently regarded as a prom-
ising alternative for future high-density non-volatile memory
applications due to its fast switching speed, low operating
power, robust endurance, and strong scalability.1–5 Further-
more, PCM is also considered as a leading candidate device for
neuro-inspired computing technologies.6,7 PCM devices store
and erase information by utilizing a large difference in the
resistivity between the crystalline and amorphous states of
chalcogenide materials.8 The most actively studied chalco-
genide material is Ge2Sb2Te5 (known as GST) because of its fast
and reversible phase transition capability in both the
eering, Pohang University of Science and

ublic of Korea

an University, Suwon 16419, Republic of

ion, SK hynix Semiconductor Inc., Icheon,

n, Korea Institute of Materials Science

a

tion (ESI) available. See DOI:

f Chemistry 2020
amorphous-to-crystalline (set) and the reverse crystalline-to-
amorphous (reset) switching induced by electrical Joule heat-
ing.2 However, as the memory density increases the GST alloy
experiences harsher operating conditions, such as high current
density and temperature, which can cause reliability issues and
failure induced by compositional change and void
formation.9–13

It has been reported that the endurance failure of GST-based
PCMs is induced by material degradation caused by void
formation (which leaves devices “stuck” in the reset state14) or to
a gradual segregation of the elemental Ge, Sb, and Te in
different regions of the device.15–17 It is believed that this
segregation slowly alters the switching characteristics of the
device. Although this can be advantageous initially,18 eventually
the original reset pulse is no longer sufficient to switch the
device and this leads to a “stuck reset” failure. To realize
storage-class memory based on PCM technology, the device's
cycling endurance should allow 1015–1016 cycles.17,19

Many modern GST-based PCM cell designs adopt a nano-
meter-scale conned cylinder as programing volume to
increase the cell density and reduce the operation power. In
contrast to the traditional PCM devices with a mushroom-
shaped programing volume, the modern PCM devices which
conne GST into a nanopillar structure have shown to exhibit
Nanoscale Adv., 2020, 2, 3841–3848 | 3841
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excellent reliability by achieving more than 1012 programing
cycles with dri and noise mitigation for multilevel cell opera-
tion.9,20 In such PCM devices, one of the critical reliability issues
involves the compositional change, or phase separation, which
is caused by the electric eld-induced electromigration of
ions.21 For example, previous studies showed that ionic migra-
tion in the molten state of GST is driven by electrostatic forces,
resulting in the phase separation into a Ge–Sb-rich and a Te-
rich phase as a consequence of the different ionicity of each
element. This electromigration, although quite slow in the solid
state, is driven rapidly by the application of a high electric eld
during the melting inherent in the reset step. The other reli-
ability issue is related to the formation of voids in GST. Partic-
ularly, the void formation has been one of the leading causes of
failure in the nanoscale GST conned into a nanopillar. The
void formation can be induced by the electromigration of cation
and anions,22 coalescence of Te vacancies,23,24 and material
stresses resulting from volume changes12,25 during phase tran-
sitions between the amorphous and crystalline phases. To
inhibit the formation of voids, various techniques have been
proposed, which include: (i) doping of PCM to reduce thermal
stress between phases;26 (ii) minimization of the number of
small nanoscale voids that could coalesce into a large void
during cyclic operation;27 (iii) self-recovery and self-void elimi-
nation by incorporating a metallic liner.28 Recent in situ TEM
studies carried out on PCM devices with conned GST nano-
pillars demonstrated that the voltage polarity can be used to
control the direction of electromigration and thus ll nanoscale
voids that form during programing.9

To enhance the device reliability, it is important to under-
stand the failure mechanism of GST-based PCM devices by void
formation. In the present in situ TEM study, we studied the
microscopic details of void nucleation, growth, and migration
in conned GST-based PCM devices by applying voltage pulses.
The real-time TEM observations directly show that the nucle-
ation of voids occurs preferentially at the GST/spacer interface
near the TiN bottom electrode (BE), where the temperature is
the highest. The nucleated void grows gradually until it reaches
a certain size while migrating slowly toward the positively
biased top electrode (TE). The fully grown void then continues
migrating toward the positively biased electrode in subsequent
set pulses. The polarity-dependent migration of voids originates
primarily from the eld-induced redistribution of constituent
elements occurring upon the crystallization of GST, particularly,
the electromigration and coalescence of Te ions.

2. Experimental procedure
Device fabrication

The GST-based PCM devices consisting of a cylindrical shape
with a base diameter of�20 nm were fabricated using a keyhole
process followed by deposition/patterning and standard back-
end-of-line processes. A 100 nm-thick GST thin lm was
deposited at 473 K by sputtering. Spacer nitride (SiNx) was used
to reduce the diameter of the GST cylinder, and to isolate it from
electrical and thermal conduction. The TE and BE (TiN) were
electrically connected to the GST cylinders. During the post-
3842 | Nanoscale Adv., 2020, 2, 3841–3848
growth processes, the GST lm typically undergoes crystalliza-
tion as the temperature increases up to 623 K, which is well
beyond the crystallization temperature of GST. Aer the growth
and patterning of all constituent layers, the active switching
volume of GST was converted to an amorphous phase by
applying a reset pulse (5 V, 200 ns square pulse with a falling
edge of 20 ns). To ensure that the active volume remained in the
fully amorphous state, the same reset pulse was applied again to
the PCM cells before TEM sample preparation.

TEM sample preparation

Cross-sectional TEM samples were prepared by using a focused ion
beam (FIB, Helios NanoLab 450S, FEI Inc., Hillsboro, OR, USA) li-
off technique. All TEM samples investigated in the present study
were prepared from the same wafer. The TEM samples were thin-
ned to�100 nm to ensure that the cylinder-shaped programmable
GST volume was securely contained within the TEM samples. The
FIB process parameters were optimized to minimize possible
sources of leakage current and open failure of the metal electrodes
in TEM samples. Most importantly, to minimize the surface
damages induced by the high-energy Ga+ ion beam, the Ga+ ion
beam energy was decreased from30 to 10 keV during the successive
FIB milling stages. Then, for the nal milling, a low-energy Ga+ ion
beam was used at 1 keV to remove the surface damage layers. Prior
to the in situ TEM experiments all FIB-prepared TEM samples were
tested using a scanning electron microscopy (SEM) nano-probing
system (see for example Fig. 2a). From the preliminary switching
tests in the SEM system, we selected the TEM samples which do not
show any severe volatilization of GST for the in situ experiment in
TEM (a failed TEM sample during SEM nano-probing test due to
the volatilization of GST is shown in Fig. S1†). Finally, the selected
GST cell in TEM samples was switched to the reset state before in
situ TEM biasing experiment.

In situ TEM

For in situ TEM switching experiments, a Pt–Ir probe installed in
a TEM holder (STM-TEM holder, Nanofactory Inc., Gothenburg,
Sweden) was put into direct contact with the tungsten TE
contact (refer to Fig. 2b).29 The TiN BE was connected to an
electrically grounded Cu support grid via the W plug. The set
switching of the GST PCM device was driven by applying voltage
pulses (2.5 V pulse for set switching and 4 V pulse for reset
switching) during the observation of microstructural changes in
real-time.30 In situ TEM experiments were carried out using
a eld-emission TEM (JEM-2100F, JEOL Ltd., Tokyo, Japan)
operated at 200 kV. TEM movies were recorded at 25 frames per
second. The conventional diffraction contrast TEM and high
resolution TEM (HRTEM) were used to observe the detailed
switching and void formation processes.

3. Results and discussion
Ex situ TEM observation of PCM devices failed aer
endurance testing

Ex situ TEM observation of the PCM devices with conned GST
nanopillars that failed aer the endurance tests revealed the
This journal is © The Royal Society of Chemistry 2020
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Fig. 1 Ex situ TEM observation of a PCM device failed after endurance
test. Confined GST nanopillars with a diameter of 20 nm are sur-
rounded by SiNx spacer. As shown in the schematic drawing, the entire
structure, i.e. the GST nanopillars and surrounding SiOx layers, is
contained within the TEM sample (thickness� 100 nm) without cutting
and surface exposure. The TEM image taken after the cycling test
shows that the voids (black arrows) are preferentially formed at the
interface with the TiN BE.
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formation of voids. The voids appeared at various locations
within the GST nanopillar, such as at the interface with the TiN
BE and at the sidewall surrounded by SiNx spacer, but most
frequently at the former location (Fig. 1). One can also see that
the GST nearest to the TE exhibits relatively weak diffraction
contrast relative to the rest of material, indicating the formation
of either a crystalline phase with different composition or
amorphous phase.
SEM nano-probing of TEM specimens for in situ TEM biasing
experiments

Fig. 2a shows a SEM image of typical TEM specimen prepared
for in situ TEM tests. Prior to in situ TEM experiments, all TEM
samples prepared by FIB were tested using a built-in nanoprobe
system in SEM to determine whether the PCM device works in
normal operation. We selected TEM samples showing a clear
DC threshold switching at around 1.4 V without volatilization of
GST. The TEM samples were then switched to the reset state just
before in situ TEM tests.

Given that the GST nanopillar was initially switched to the
reset state, the current owing through the entire circuit would
be limited by the amorphous state of the switching volume.
Fig. 2 TEM specimen and voltage pulses used for in situ TEM biasing
experiments. (a) A typical I–V curve for the TEM sample of a confined
GST cell prepared for in situ TEM switching experiments. As shown by
the inset, the I–V curve was measured using a nano-probing system
installed in the SEM. (b) Cross-sectional TEM sample of confined GST
cells prepared for in situ switching in TEM. The W plug connected to
the TiN BE is held at the ground by attaching it to a Cu support grid. A
Pt–Ir tip makes electrical contact with the W top electrode contact
(TEC), forming an electrical circuit for the application of voltage pulses.
(c) A schematic illustration of voltage pulses applied for set and reset
switching in TEM. Note that the falling edges (time) of set (red) and
reset (blue) pulses are fixed to 1000 ns and 20 ns, respectively.

This journal is © The Royal Society of Chemistry 2020
However, the as-fabricated TEM devices usually exhibited a low
resistance close to the set state due to the formation of the
crystalline phase during FIB processing. Therefore, before in
situ TEM switching experiments the GST PCM cells were
switched back to the reset state using the SEM nano-probing
system. Then, the PCM cells in the reset sate were electrically
stressed with the passage of multiple set pulses in TEM.

A schematic was added to the TEM image in Fig. 2b to
illustrate how the voltage pulses are applied to the active GST
nanopillar through a Pt–Ir probe installed in the in situ TEM
holder. A TEM sample contains a series of cylindrically conned
GST nanopillars in which only the one that connected to the W
plug is electrically switchable. While the voltage pulses are
applied to the top TiN/W electrode of GST, the bottom TiN/W
electrode is held at ground. Fig. 2c shows the two voltage pul-
ses used in this study; one with +4 V amplitude, 500 ns duration
time and 20 ns falling edge represents the reset pulse (blue in
Fig. 2c), and the other with +2.5 V amplitude, 500 ns duration
time and 1000 ns falling edge represents the set pulse (red in
Fig. 2c). To capture the void evolution process in detail, we
slowed down the programming process by using the set pulse
with a slightly lower amplitude (+2.5 V) than that of a typical set
pulse (+3.5 V).
Direct observation of void formation and migration during
passage of multiple set pulses

The snapshot TEM images obtained aer each set pulse are shown
in Fig. 3 (see ESI Movie S1†). Aer the rst set pulse was applied,
a void was formed at the GST/SiNx interface (sidewall) near the BE
(Fig. 3a). Initially, small nanoscale voids contained within the GST
cell coalesced to form a large void upon application of a set voltage
pulse (see ESI Movie S2†). Once a large void forms, it continues
growing during subsequent set pulses and remains at the position
where it initially appeared (Fig. 3a). The volume change of GST
induced by the void formation and growth from the 1st to the 4th

set pulses is measured to be�5–9%, which is quite comparable to
the well-known volume shrinkage upon the crystallization of
amorphous GST (�6.8% volume difference between amorphous
and face-centered cubic GST). This suggests that the initial void
formation and growth is likely induced by densication of amor-
phous GST to its crystalline state.

The preferential nucleation of void near the BE can be
explained by non-uniform temperature distribution within the
conned GST cell; due to the tapered cylindrical shape of the
GST cell the local temperature is relatively higher near the
narrower cylinder region because of the higher current density.
To calculate the temperature distribution within the GST cell,
we used the following equation based on nite element
modeling (FEM):

I2s

A2
þ V� kVT ¼ rCp

vT

vt
(1)

Here, Cp is the specic heat capacity, r is the density, t is the
time, T is the temperature, k is the thermal conductivity, s is the
electrical conductivity, I is the current, and A is the cross-
sectional area. According to eqn (1), the amount of Joule heat
Nanoscale Adv., 2020, 2, 3841–3848 | 3843
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Fig. 3 Direct observation of void formation and migration during the passage of multiple set pulses. A total of 13 set pulses were applied
sequentially. (a) A series of TEM images captured after the application of the 1st, 2nd, 3rd, and 4th pulses. After the 1st pulse was applied, the void
(indicated by black arrows) nucleated at the GST/SiNx interface near the BE and then grew in response to the subsequent pulses. The growth of
the void is traced and schematically represented by red color gradients in the right-most panel. (b) A series of TEM images captured after the
application of the 5th, 6th, 11th, 12th and 13th set pulses. The void (indicated by black arrows) migrates toward the TE with the application of the set
pulses. The migration of the void is traced and schematically illustrated with blue color gradients in the right-most panel. (c) Plot of the size (dvoid)
as a function of the number of applied set pulses. The size of the void increases gradually up to the 4th pulse and then remains constant during the
subsequent pulses. (d) Plot of themigration length (Lmig) of void from the bottom to the TE. Note that the increase inmigration length from the 1st

to the 13th pulse is nearly linear. Red and blue solid lines are added as guides to the eyes.
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generated within the conned cylindrical volume is determined
predominantly by the s and the k values for GST. We assumed
that the GST changed to a crystalline state under the application
of the set pulse of 2.5 V. All material parameters used in FEM
simulations are identical to those used in the previous study,29

and the physical parameters of voids are set to those of an air-
like phase. The temperature map in Fig. 4a shows that the
maximum temperature (hot spot) appears at the lower part of
the cylinder, specically �10 nm from the BE, which corre-
sponds to the location where the void nucleated preferentially
(Fig. 3a).

The void grows in size with further application of pulses (up
to the 4th pulse in Fig. 3a). Although the void appeared to reside
at the same location during growth, tracing the void boundary
indicates that its center-of-mass is shied slightly upward
toward the positively biased TE. The growth of the void is
accompanied by the change in the TEM contrast of the
surrounding GST; the region exhibiting bright TEM contrast
3844 | Nanoscale Adv., 2020, 2, 3841–3848
appears and extends with the growth of void. If it is assumed
that the TEM contrast is dominated by mass-thickness, the
change of contrast indicates a redistribution of the constituent
elements surrounding the void.

Once the void reaches a certain size, it stops growing but
continues migrating toward the TE. During the void migration,
the GST exhibits a noticeable change in the diffraction contrast
induced by constant crystallization and crystal reorientation
(refer to Fig. 3b and ESI Movie S3†). The size and migration
distance of the void were measured and plotted as a function of
the applied pulse number (Fig. 3c and d). Quantitative
measurements using TEM intensity proling revealed that the
size of the void increased gradually to �12 nm until the 4th

pulse, and thereaer it ceased growing and remained constant
in size. The position of the void in the cylinder changed as it
migrated continuously toward the TE, moving a distance of over
15 nm during the pulsing experiments. In summary, the
coarsening and migration of voids were simultaneously
This journal is © The Royal Society of Chemistry 2020
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Fig. 4 FEM of temperature distribution within a confined GST cell. (a)
Temperaturemap and profile calculated for the GST cell with a tapered
nanopillar shape under the application of a set pulse. The temperature
profile across the GST cell as shown along the vertical black dotted
arrow indicates that the maximum temperature (hot spot) appears
near the lower part of the GST cell, which coincides with the prefer-
ential site for void formation. (b) Temperature map and profile calcu-
lated for the GST cell containing a void. Note that the hot spot along
the vertical direction is now located near the void.

Paper Nanoscale Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

4 
M

ay
 2

02
0.

 D
ow

nl
oa

de
d 

on
 1

/3
0/

20
25

 2
:2

9:
54

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
accompanied by: (1) the change in TEM contrast near the void,
originating from the redistribution of the constituent elements;
(2) extension of the crystallized volume of GST to the entire
switching volume (refer to Fig. 3b), respectively.
Fig. 5 Reset-stuck failure caused by void formation. (a)–(e) A series of T
a failed PCM device. Different responses of voids to the set and reset pu
resolution TEM image showing the Moiré fringes is added in (e). The relat
due to the enrichment of the heaviest element Te in GST. (f) TEM differe
such as: (a)–(b), (b)–(c), (c)–(d) and (d)–(e). The voids do not disappear
pulses. Note that the dark contrast and the bright contrast formed near t
(indicated by black and white dotted arrows, respectively). The arrows ind
the number of applied pulses. Note that the volume changes of GST durin
expansion of the void and the reset pulse causes contraction.

This journal is © The Royal Society of Chemistry 2020
The effects of void on the temperature distribution within
a GST cell were calculated for its size ranges measured experi-
mentally (Fig. S1†). The results show that the Joule heating
becomes strongly conned to the narrow channel next to the
void as the size of the void increases, resulting in a higher peak
temperature in the constrained channel near the void (Fig. 4b).
The results also indicate that the peak temperature can increase
to a point far beyond the glass transition temperature of GST (Tg
� 428 K),31 indicating that the local Joule heating can accelerate
thermally activated electromigration of ions. Furthermore, the
current density also increases dramatically as the size of void
increases. For example, the current density increases up to
�14.5 MA cm�2 from the�9 MA cm�2 which corresponds to the
reference value in the absence of void. The measured current
density is much higher than the typical value for a line pattern
structure of crystalline GST (�1.8 MA cm�2) and high enough to
drive the electric eld-induced migration of the constituent
elements of GST.32
Direct observation of reset-stuck failure by void formation

To investigate the response of voids during the switching
between reset and set states, cycles of reset and set pulses were
applied repeatedly to the device (Fig. 5). For this experiment, we
used a reset-stuck GST cell containing large matured voids
which had been formed in previous in situ TEM endurance tests.
The PCM device used for Fig. 5 was initially in amorphous state.
The absence of TEM diffraction contrast during the cyclic
switching (up to the 2nd reset pulse as shown in Fig. 5d) indi-
cates that the GST cell is stuck in the reset state and remained in
the amorphous state. Aer the 4th pulse (the 2nd set pulse in
Fig. 5e), the GST cell exhibited strong diffraction contrast
EM images captured after the set and the reset pulses were applied to
lses is noticeable, i.e. expansion and contraction, respectively. A high-
ively dark diffraction contrast near the edge of the (upper) void is likely
nce images obtained by mathematical subtraction of two TEM images
but only show slight volume changes in response to the reset and set
he voids indicate a decrease and increase of GST volume, respectively
icate the direction of volume change. (g) Measured GST volume versus
g set and reset switching are clearly observed; i.e., the set pulse causes

Nanoscale Adv., 2020, 2, 3841–3848 | 3845
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Fig. 6 A proposedmodel for void formation andmigration based on in
situ TEM observations. (a) Formation of a void at the hot spot. Elec-
tromigration of Sb+ and Te� in GST results in elemental redistribution.
(b) Growth and migration of a void by agglomeration of Te� near the
void. The observed migration of the void toward the positively biased
electrode, which matches the direction of the electromigration of
negatively-charged Te� atoms, indicates that void growth and
migration are assisted by the agglomeration of Te� atoms facilitated by
electromigration. It is noted that the undercoordinated Te� atoms
have ample vacancies around them.
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indicating the crystalline state of GST. The crystalline state was
further conrmed by the Moiré fringes in the HRTEM image.
The resistance of reset-stuck failed GST cells due to the void
formation remained in roughly the same order of magnitude as
in the reset state (�107 ohm) without being restored to the set
state (�104 ohm) by application of a set pulse.

The two large voids in Fig. 5, one close to the BE and the
other one close to the TE, showed contraction and expansion in
response to the reset and the set pulses, respectively (Fig. 5a–e
and ESI Movie S4 and S5†). The TEM difference images ob-
tained by frame subtraction before and aer the application of
each pulse clearly visualizes the volume change of the voids
(Fig. 5f). We found that the direction of volume expansion
points to the TE (white arrows in Fig. 5f). This behavior was
reproducible in repeated cyclic switching. The absence of TEM
diffraction contrast during the cyclic switching indicates that
the GST cell is stuck in the reset state and remained in an
amorphous state. The variation of GST cell volume induced by
the dynamic evolution of voids is seen to be continuously
diverging within a range of 4.5–11.9% (Fig. 5g), indicating that
the elemental redistribution induced by set and reset pulses
occurs quite differently and leads to the volume changes.

The void formation in GST can be caused by the electro-
migration of cations and anions,22 coalescence of Te vacan-
cies,23,24 and the material stress resulting from volume
changes12,25 during the transition between the amorphous and
crystalline phases. In molten or amorphous GST, the Ge+, Sb+

and Te� ions can migrate toward the appropriate electrode
under the inuence of electrostatic force, resulting in redistri-
bution of the elements.32 The electromigration can further
induce local segregation, phase separation and void formation.
For example, as Xie et al. recently reported, the electromigration
of the constituent elements can lead to the formation of voids
in conned GST nanopillars.9 According to their in situ
observation, when a positive voltage pulse is applied to the BE,
electromigration leads to the depletion of Sb+ and the
enrichment Te� near the BE. They claimed that a void can
form because the electromigration of Sb+ toward the TE occurs
more readily than that of Te�. This is plausible since Sb+ has
a higher DZ* value (+1.98 � 10�5 cm2 s�1; D is the atomic
diffusion coefficient and Z* is the effective charge number)
than Te� does (�1.17 � 10�5 cm2 s�1).21,29 The healing of voids
resulting from reversing the voltage polarity further supports
the notion that the void formation was induced by electro-
migration, particularly the more facile migration of Sb. We
note that the GST nanopillars in ref. 9 have a shape similar to
those in the present study, i.e., a tapered cylindrical shape with
a narrower width near the BE. In the present experiments, in
contrast to the work in ref. 9, positive voltage pulses were
applied to the TE. Nonetheless, the fact that the void was
formed preferentially near the BE in the two experiments
indicates that the local Joule heating (current density) plays
a decisive role in determining the preferential nucleation site
for voids, as shown in Fig. 4a.

The migration of voids toward the positively biased TE
strongly supports the contention that the coalescence of Te
vacancies resulting from electromigration constitutes the most
3846 | Nanoscale Adv., 2020, 2, 3841–3848
probable mechanism for void formation and growth. Previous
work showed that large voids and small cavities surrounded by Te
atoms with two and three coordination numbers are observed in
both molten and amorphous GST with low density.24 The under-
coordinated Te atoms have considerable vacant space around
them. According to molecular dynamics simulation, a large void
will form in amorphous or molten GST when Te atoms agglom-
erate.24 It is known that a signicant amount of vacancies (20%)
also exists around the Te atoms in the crystalline GST as well, and
this conguration of Te atoms is similar to those in amorphous
GST. As these under-coordinated Te atoms agglomerate, a large
void will form and grow (Fig. 6a). The observed direction of void
migration pointing to the positively biased TE, which coincides
with the direction of electromigration by negatively-charged Te
atoms, indicates that the growth and migration is assisted by
agglomeration of Te atoms under the inuence of electromigration
(Fig. 6b). Furthermore, the direction of expansion or deformation
of voids, which also points toward the TE, further implicates the
agglomeration of negatively-charged Te atoms results in the
expansion of voids. We note the dark contrast outlining the void/
GST interface in the high-resolution TEM image in Fig. 5e,
which indicates the potential enrichment of the heaviest element
Te of GST. However, more explicit verication on the role of
elemental Te distribution in the growth and migration of voids
requires in situ elemental mapping during the switching of a GST-
based PCM device.

The different response of the voids during cyclic reset-set
switching, i.e. contraction in the reset pulses and expansion in
the set pulses, could be related to the different migration kinetics
of under-coordinated Te atoms. When the reset pulse is applied,
the peak temperature near the void is much higher but decreases
much faster with time than it does by the set pulse. There might
not be enough time for Te atoms to diffuse and incorporate into
the crystalline lattice of GST to generate the vacancies required for
the void growth. However, during the set pulse the temperature
decays slowly so that the Te atoms can diffuse into the lattice and
become incorporated so as to generate vacancies, leading to the
This journal is © The Royal Society of Chemistry 2020
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volume expansion of void. Although the positive voltage pulses are
applied to the TE in the present experiments so that the voids grow
with the pulses, the void would be healed as a a consequence of
reverse atomic migration if the opposite polarity of voltage pulse is
applied.9

4. Conclusion

The present in situ TEM observations showed that a void
nucleates preferentially at the hot spot of the conned cell,
indicating that the local current density (Joule heating) plays
a decisive role in the formation process. Once a void forms,
subsequent set pulses favor its growth over the nucleation of
new voids and the fully grown void continues migrating toward
the positively biased electrode. The observed polarity-
dependent migration of the void can be explained by the eld-
induced redistribution of the constituent elements during the
crystallization of GST, especially by the electromigration of
under-coordinated Te� ions which have vacancies around
them. When the reset pulse with the same voltage polarity is
applied, the voids exhibit a slight volume shrinkage but are not
completely healed, resulting in a reset-stuck failure. The varia-
tion of GST cell volume induced by dynamic evolution of voids
is measured to be continuously diverging in the range of 4.5–
11.9%, indicating that the elemental redistribution under set
and reset pulses occurs in quite different manners, i.e. the
different migration kinetics of Te atoms. The present results
demonstrate that the elemental redistribution induced by
electromigration during the phase transition must be
controlled carefully to suppress void formation and migration,
especially Te, since it is a major element (2.5� larger than Ge
and Sb in the atomic concentration) exhibiting low coordina-
tion numbers and a negative charge.
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