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ABSTRACT: Disorder plays an essential role in shaping the transport properties of GeSbTe phase-change materials (PCMs) to
enable non-volatile memory technology. Recently, increasing efforts have been undertaken to investigate disorder in the stable hex-
agonal phase of GeSbTe compounds, focusing on a special type of swapping bi-layer defects. This configuration has been claimed to
be the key element for a new mechanism for phase-change memory. Here, we report a direct atomic-scale chemical identification of
these swapping bi-layer defects in hexagonal GeSb.Te. together with nanoscale atomic modelling and simulations. We identify the
intermixing of Sb and Te in the bi-layer to be the essential ingredient for the stability of the defects, and elucidate their abundance as
due to the small energy cost. The bi-layer defects are demonstrated to be ineffective in altering the electron localization nature that
is relevant to transport properties of hexagonal GeSb,Tes. Our work paves the way for future studies of layer-switching dynamics in
GeSbTe at the atomic and electronic level, which could be important to understand the new switching mechanism relevant to inter-

facial phase-change memory.

Phase-change materials (PCM:s) are one of the most promis-
ing candidates for non-volatile electronic ~memory
technology,"” which could achieve substantial improvements
in computing performance of electronic devices.® The basic
principle of phase-change memory is the exploitation of the
capability of PCMs to undergo fast and reversible transitions
between the amorphous and crystalline state, resulting in a
large change in electrical resistance between the two states.'
Among the explored PCMs, GeSbTe compounds along the
GeTe-Sb.Te; pseudo-binary line, such as Ge:Sb.Tes and
GeSb,Tes, are the most widely used and studied PCMs.”*?
Upon fast crystallization, GeSbTe compounds form a cubic
rocksalt phase, in which Te atoms take one sublattice, while
Ge and Sb atoms as well as atomic vacancies occupy the
other.”>' This crystalline phase is rather unconventional, as it
accommodates a very large amount of atomic vacancies, e.g.
12.5% in GeSb:Tes, which is orders of magnitude higher as
compared to other semiconductors.” These atomic vacancies
are randomly arranged on the cation-like sublattice of GeSbTe,
leading to a strong localization of electronic wave-functions
near the Fermi level, and thereby a disorder-induced insulating
phase.’®?! Further thermal annealing at elevated temperatures
triggers extensive vacancy diffusion on the cation-like sublat-

tice, driving the randomly distributed atomic vacancies to form
ordered planes."" Such a vacancy ordering process induces a
structural transition from cubic rocksalt to hexagonal stacking
as well as an electronic transition from insulating to metallic.'®
7 Similar disorder-driven phenomena were also observed in
the closely related compounds SnSb.Te, and SnBi>Tes.*

The ordered hexagonal phase of GeSbTe compounds, con-
sisting of alternating Ge/Sb and Te atomic layers and gaps, is
regarded as the stable phase,'" "
of disorder and defects is observed in hexagonal samples, in-
cluding stacking faults and Ge/Sb intermixing, as revealed by
recent transmission electron microscopy experiments.”?
These defects were consistently found in all layer-structured
GeSbTe samples produced by various deposition and epitaxy
methods, 2*3° and some of them were proposed to be essential
to the switching mechanisms® * in interfacial phase-change
memory devices (iPCM).*! In this novel family of devices,
phase transitions were claimed to take place between two crys-
talline states, *'** leading to reduced power consumption and
faster switching speeds as compared to conventional phase-
change memory. However, the underlying reasons why these

yet a non-negligible amount

defects can form and their effects on the electronic and
transport properties still remain unclear. To shed light on

ACS Paragon Plus Environment



oNOYTULT D WN =

Chemistry of Materials

these issues, it is necessary to carry out thorough structural and
chemical characterizations as well as large-scale materials
modeling and simulations.

In this work, we focus on the hexagonal phase of GeSb,Tes
(abbreviated as hex-GST in the following), since its transport
properties have been well investigated.’® 3 In line with the
previous work,'® the samples were prepared by magnetron
sputtering and were annealed at 300 °C for half an hour (see
Methods for detail information). The measured X-ray diffrac-
tion (XRD) pattern confirms the samples to be in the hexago-
nal phase (Figure S1). The unit cell of the ideal hex-GST con-
sists of three septuple-layer atomic blocks with the first atomic
layer being indexed by “a”, “b” and “c”, which represent the in-
plane atomic positions (0, 0), (2/3, 1/3) and (1/3, 2/3) in
each layer (Figure la). The whole stacking sequence is —g-
abcabca-g-bcabcab-g-cabcabc-, where g represents the gaps
between the structural blocks. The gaps are commonly re-
ferred as “van der Waals gaps”, while it has been shown recent-
ly that additional weak covalent-like interactions are present in
addition to van der Waals forces.* ¢ The chemical distribution
inside an ideal septuple-layer block is —Te-Sb-Te-Ge-Te-Sb-
Te-, as indicated by the yellow, green and red spheres in Fig-
ure la. However, the microstructure in real materials is far
more complex due to the existence of various defects, as dis-
cussed in the following.
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Figure 1. Structural and chemical characterizations of hex-GST.
a A typical HAADF image of the hexagonal GeSb,Tessample. The
ideal model is shown on the right side, but the microstructure in
real materials is far more complex. One swapping bi-layer defect is
marked by the red box. b and ¢ show the HAADF images and the
corresponding overlaid and elemental EDX mappings of a
septuple-layer block, and a septuple-layer block in contact with an
inverted nonuple-layer block. EDX mappings unambiguously pin
down the chemistry of the layer-structured GeSb.Tes and
Ge:Sb,Tes blocks, i.e. the Ge/Sb intermixing appear on cation-like
layers, and the Te layers separate the cation-like layers and
terminate the structural blocks.

We carried out spherical aberration corrected (Cs-corrected)
high angle annular dark field (HAADF) scanning transmission
electron microscopy (STEM) and the energy-dispersive X-ray
mapping (EDX) experiments to investigate the atomic struc-
ture and chemistry of hex-GST (see Methods for detail infor-
mation). The intensity peaks (bright spots) in HAADF images
appear at the positions of atomic columns, and the intensity of
the peaks is approximately proportional to the square of the
averaged atomic number Z of each column along the view di-
rection.”” Ge (Z=32) shows much lower image intensity than
Sb (Z=51) and Te (Z=52). It is not feasible to distinguish Sb
and Te from HAADF image owing to their very close atomic
number. However, with EDX mapping, the elemental distribu-
tion can be unambiguously determined." From previous
XRD™ and STEM?*"?¢ experiments as well as density functional
theory (DFT) simulations,® it is derived that a) the septuple-
layer GeSb,Te4 blocks are terminated by Te layers, and b) the
cation-like layers are occupied by both Ge and Sb. Our STEM-
EDX experiments provide direct proof for these two structural
features. Figure 1b shows the HAADF image, and the corre-
sponding overlaid and elemental EDX mappings. Clearly,
Ge/Sb compositional disorder is found on the cation-like lay-
ers (marked with dashed lines), and the three cation-like layers
are sandwiched by four anion-like Te layers.

It can be seen from the topside of Figure 1a that the internal
stacking sequence of septuple-layer blocks can be inverted, i.e.
atomic layers can be arranged as “acb” instead of “abc”, pro-
ducing a twin-like structure from two adjacent blocks. Such
defects appear everywhere in the samples and apparently do
not show long range order, i.e. a regular arrangement. The size
of these defects varies from one to several tens of structural
blocks (Figure S2). Figure 1c shows the HAADF image and
the corresponding EDX mapping of atomic blocks with invert-
ed stacking. No visible difference in distribution of Ge and Sb
atoms can be observed in the inverted atomic blocks. Hence,
the formation of these defects does not require a local change
of composition and the corresponding long range diffusion.

Many stacking faults, including quintuple-, nonuple- and
even hendecuple-layer blocks, can be found in the HAADF
image and EDX mapping in Figure la and lc. By evaluating
the image intensity, they are identified as Sb.Tes, Ge:Sb.Tes
and Ge;Sb.Tes blocks, respectively (Figure S3). However, if
we examine the structural details on a large length scale, the
stacking faults are actually found to be connected via a special
type of bi-layer defects (Figure 1a red box). These swapping
bi-layer defects are proposed to be the key element to enable
layer-switching in layered GeSbTe for iPCM devices,* *
clear reconfiguration of atomic blocks and gaps was observed
under extensive exposure to the focused electron beam in
TEM.” It is noted that such local structural rearrangement is
mainly caused by the very high kinetic energy brought by the
very well focused electron beam on an area of several tens of
picometers. No visible structural changes can be observed in
standard STEM experiments using unfocused electron beam
with a recording time of just a few minutes, see Figure $4. The
presence of the bi-layer defects is abundant, and the planar
defect density is estimated to be one per ~75 nm?, as counted
in a few hundreds of HAADF scans over several tens of grains.
One such large-scale HAADF scan is shown in Figure SS.

as a
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However, until now, the chemistry of these swapping bi-
layer defects has remained unclear, as the two layers show
similar contrast in the HAADF images. This issue can be
properly resolved by EDX mapping experiments. The HAADF
image and the corresponding EDX mapping of a bi-layer defect
is shown in Figure 2. Since the Ge signals are too weak to cap-
ture, the signals of Ge and Sb were collected together, for the
sake of technical convenience. Since the HAADF image inten-
sities of the two layers are similar, and one of them has strong
Te signals, we can derive that the other layer is mostly occu-
pied by Sb. A clear crossing of the Sb-rich and Te-rich layer is
observed, and the swapping path is shown to be continuous
and smooth. The overlaid EDX mapping (Figure 2d) also in-
dicates some intermixing of Sb and Te in the bi-layers.

Figure 2. The HAADF image and the corresponding EDX
mapping of a bi-layer defect. a The HAADF image of bilayer
defect. Green and red arrows mark the Sb-rich and Te-rich layer,
respectively. b-d The corresponding EDX mappings of the area
inside the white box marked in a. The centers of each Ge/Sb and
Te atomic column are marked with white and blue cycles,
respectively. A smooth and continuous crossing of the Sb-rich and
Te-rich layer is observed. The overlaid EDX mapping in d also
indicates some intermixing of Sb and Te in the bi-layers, which is
identified as the essential ingredient for the stability of the defects
from DFT simulations.

Next, we turn to DFT calculations to gain further under-
standing of the bi-layer defects. All the DFT calculations pre-
sented in the following were done by using the CP2K
package® (see Methods for detail information). To address the
stability and the effects of the bi-layer defects, large-scale ma-
terials modeling is needed, as the typical length of the bi-layer
defects is ~3 nm (Figure la and Figure 2a). To this end, a
large orthorhombic supercell with the size of 9.6 x 1.3 x 4.1
nm® (containing 1,638 atoms) was constructed. In order to
keep the periodic condition for DFT calculations, two bi-layer
defects with opposite directions were considered. This model
corresponds to a reasonable planar density of bi-layer defects
of about one per 20 nm?, and it is not feasible computationally
to investigate larger models corresponding to the experimental
value. The model was subsequently relaxed using DFT, and
the bi-layer defects were shown to be robust (Figure 3a and
Figure $6). The key ingredient to preserve the “shape” of the
bi-layer defects stable against strong atomic relaxation is the
intermixing of Sb and Te in these two layers. For the model
with pure Sb and Te layers, the size of the bi-layer defect
shrinks drastically upon relaxation, ending up with a sharp
jump of Sb-Sb or Te-Te contacts, similar to the small-scale
models built in Refs. *>* (Figure S6a). The Sb-Te intermixing

could also explain the blurriness of the HAADF image of bi-
layer defects (Figure 2a), i.e. the additional distortion brought
by Sb-Te intermixing disorder leads to deviations from the
atomic centers. We quantify this Sb-Te intermixing disorder by
counting the fraction of Sb-Te, Sb-Sb and Te-Te bonds in the
bi-layer, which shows a broad distribution of bonds from 2.8 to
3.3 A in the intermixed model but very sharp distributions in
the non-mixed model (Figure S6c-d). A thorough comparison
between the STEM-EDX experiments and DFT simulations
confirms the validity of the bi-layer defects model we built,
making the subsequent analyses of energetics, electronic and
transport properties reliable.

It is important to note that the energy cost of the bi-layer
defects is only about 9.8 meV/atom with respect to the ideal
hex-GST model (Figure 4a), which is relatively small as com-
pared to the energy difference between the ideal hexagonal
phase and the metastable rocksalt phase ~70 meV/atom." It is
noted that such value is meaningful only if the density of these
bi-layer defects is comparable to or larger than that found in
experiments. In our model, the planar density is one bilayer
per ~20 nm’, which is more than three times higher than the
experimental value, one bilayer per ~75 nm”. The energy cost
per atom of the defect will be further reduced, if larger stand-
ard GeSb,Tes blocks are added to the model. Such small ener-
gy cost explains why massive bi-layer defects can be present in
hex-GST. Note that the metastable rocksalt phase is thermally
stable at room temperature for decades. This also holds for the
bi-layer defects found in the hexagonal phase. Due to the high
thermal stability of these defects, it is important to investigate
their effects on the electronic and transport properties of hex-
GST.

We calculated the density of states (DOS) for both the bi-layer
defects model and the ideal model (Figure 3b and Figure 4a).
Although the size of the band gap is reduced due to the pres-
ence of bi-layer defects, the transport properties, in particular
at room and low temperatures, are mainly determined by the
nature of the electronic states at the top of the valence band.
This is due to the spontaneous formation of vacancies in the
cation-like layers (so called self-doping),* which shifts the
Fermi level to the edge of the valence band and results in p-
type behavior.’ The inverse participation ratio (IPR) is a di-
rect measure of the degree of localization of the electronic
states'” (see Methods for detail information). For GeSbTe
models containing a few thousands of atoms, 0.005 is a reason-
able threshold value to distinguish localized states from ex-
tended ones.'”'® Clearly, the IPR values at the top of the va-
lence band are far below this value for both the defective and
ideal model, indicative for delocalized states. Moreover, the
charge-density plots of the electronic wave-functions (marked
with blue surfaces) of the highest occupied molecular orbital
(HOMO) states of the two models show delocalized behaviour
(Pigure 3c and Figure 4a). On the other hand, the effects of
the bi-layer defects on the unoccupied states are more pro-
nounced, resulting in multiple localized states at the tail of the
conduction band (Figure 3b). This may stem from the fact
that the unfavorable Sb-Te intermixing raises the total energy
of the system as well as the local electron density, creating
multiple high energy bands in the tail of the conduction band,
in line with the electronic structure of rocksalt GST with Sb-
Te antisite pairs.*” Indeed, the wavefunctions of these empty
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Figure 3. DFT modelling of the bi-layer defects. a Two stable bi-layers are found in the relaxed hex-GST model. The energy cost is quite
low, ~9.8 meV/atom. b-c The calculated density of state (DOS) and inverse participation ratio (IPR) and the highest occupied molecular
orbital (HOMO) state of the relaxed model shown in a. The empirical threshold IPR value 0.00S that distinguishes localization from
delocalization is marked in grey. The IPR values at the top of the valence band in b are far below the empirical threshold value, distinguish-
ing localized states from extended ones. The distribution of electronic wave functions of the HOMO state (blue isosourfaces rendered with

an isovalue of 0.001 a.u.) shows a clear extended nature, explaining

the metallic character measured in hex-GST samples, as the Fermi level

is pinned at the top of valence band due to self-doping effects. A couple of localized states at the tail of the conduction band are created by
the bi-layer defects (Figure S$7), which may strongly affect the transport properties at elevated temperatures, where massive electron

excitations take place.

localized states are found around the swapping fronts of these
bi-layer defects (Figure S7). Yet, these electronic states would
only be thermally populated at elevated temperatures well
above room temperature. At room tempera-ture and below,
only states in the valence band are utilized for transport, which
have been shown above to be delocalized. Hence, the simulat-
ed electronic and localization properties are well in line with
the transport measurements, where the hex-GST samples an-
nealed at 300 °C display metallic behavior at low tempera-
tures.'¢

We performed similar analyses for other defects observed in
Figure 1. Three 9x9x1 hexagonal supercells with size
3.8x3.8x4.1 nm® were constructed to include an inverted
septuple-layer block, a stacking fault due to a pair of quintuple-
layer and nonuple-layer, and the Ge/Sb compositional disor-
der on cation-like layers. The corresponding sketch of atomic
structure, DOS, IPR and HOMO state are presented in Figure
4 b-d. The energy costs of the three defective models are quite
small, 1.0, 4.5 and 6.8 meV/atom, respectively, explaining
their massive presence in the experimental samples. Electron
localization is not found in any of these models, neither in the
valence band nor the conduction band. It is technically not yet
feasible to consider spin-orbit coupling effects in these large-
scale models, but nevertheless, we have shown that they do not
lead to any qualitative change in electron localization proper-

ACS Paragon

ties in small-scale GeSbTe models.'® All the above DFT simu-
lations were done at zero temperature, in which the entropy
effects were not included. It is noted that entropy could also
play some role in stabilizing these defects, in particular, during
the dynamical forming process at elevated temperatures (the
hexagonal samples were obtained at 300 °C in this work). But
if their energy cost is too high, these defects will vanish upon
cooling. Nevertheless, our DFT simulations should reflect the
properties of hex-GST at room temperature that are relevant
to memory applications, as information is read at room tem-
perature.

In summary, we pin down the structural and chemical
features of the major defects observed in hex-GST through
chemi-STEM experiments. DFT calculations attribute their
abundance to the low energy cost of defect formation. The
calculated electronic shows that the metallic
character of the compound is not strongly affected by stacking
faults, twin-like structures as well as Ge/Sb compositional
disorder. The presence of the bi-layer defects does not result in
electron localization in the valence band, but can create several
localized states at the tail of the conduction band. This will not
affect the metallic behavior at room and low temperatures as
the Fermi level lies at the top of the valence band, but may play
some role in shaping the transport properties at elevated
temperatures or under other strong external stimuli, where

structure
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massive electron excitations to the conduction band take place.
All these defects may act as possible sources for electron scat-
tering, affecting the quantitative value of electrical resistance in
hex-GST,'® ** but cannot lead to any qualitative change in
transport character.

Further
dynamics of the swapping bi-layer defects in hex-GST, e.g.
how they develop from the rocksalt phase and how they
change under external stimuli. It is noted that, even in the
presence of a massive number of defects, hex-GST still has very
low resistance value. As far as iPCMs are concerned, it turns
out that the high resistance state has a resistance comparable
to that of the amorphous phase of GeSbTe.* It is thus essential
to experimentally pin down the structure and chemistry of this
state. If it is crystalline, it is then very important to understand
its transport properties, including the position of the Fermi
level, carrier concentration and type. Our work paves the way
for future structural and transport experiments, as well as for
DFT-based molecular dynamics simulations to access the
switching mechanisms in iPCM superlattices at the atomic and

investigations are required to elucidate the

electronic level.
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Figure 4. DFT modelling of ideal hex-GST and three types of
defects. a-d show the sketch of the atomic structure, DOS and IPR
and HOMO state of the ideal model, and the models containing
an inverted septuple-layer block, a pair of quintuple-layer and
nonuple-layer stacking fault, and the Ge/Sb compositional disor-
der on cation-like layers, respectively. The empirical threshold
IPR value 0.00S that distinguishes localization from delocalization
is marked in grey. The Ge:Sb ratio is fixed as ~1:1 for the center
cation-like layer, and ~1:3 for the outer two cation-like layers. The
isosurfaces of the four HOMO states all render a value of 0.001 a.u.
Electron localization is not found in any of these models, neither
in the valence band nor the conduction band.

At last, we note that the study of disorder in layer-structured
ternary IV-V-chalcogenides and binary V-chalcogenides,
including GeSb,Tes, SnBi>Tes, Sb,Tes, Bi>Tes; and many others,

is not only important for the phase-change properties, but also
for the topological insulating®*
properties**
be found in Bi,Tes, but their effects to topological insulating
and thermoelectric properties have not been taken into
t.* Our work on
characterizations of atomic disorder in layer-structured Ge-Sb-
Te compounds hence can stimulate further investigations in
this important and exciting direction.

as well as thermoelectric
of these solids. Similar bi-layer defects can even

account ye structural and electronic

METHODS

Sample preparation: The ~450 nm GeSb:Tes thin films were
deposited with the magnetron sputtering technique on Si (111)
substrate. The samples were annealed in argon atmosphere (flow
rate of 200 sccm) in a regular tube furnace with a 3 cm diameter
quartz tube. The annealing temperature was raised to 300 °C from
room temperature with a heating rate of S K/min. Then the sam-
ples were further annealed at 300 °C for 30 minutes. After the
annealing process, the samples were cooled down to room tem-
perature, and then were taken out from the furnace. The structure
of annealed GeSb.Tes films was checked by X-ray diffraction
(XRD) on a Philips X’pert Materials Research Diffractometer
(MRD).

TEM measurement: Cross-section TEM specimens were prepared
by a Helios NanoLab 400S focused ion beam (FIB) system with a
Ga ion beam at 30 kV beam energy and polished at 5 kV. The
thinning and cleaning process were finished in a Fischione Nano-
mill with an Ar ion beam at energy of 900 eV for thinning and
500 eV for cleaning, the filament current was 0.21 mA and spec-
imen tilt angles were +10°. The thickness of TEM specimens is
approximately 80nm. Aberration corrected high-angle annular
dark-field scanning transmission electron microscopy (HAADF-
STEM) and atomic energy dispersive X-ray (EDS) spectroscopy
imaging were conducted at 200kV on an FEI Titan G2 80-200
Chemi-STEM microscope equipped with a high-brightness
Schottky field emission electron gun, a probe Cs corrector and a
Super-X EDX system.

DFT simulations: All simulations are carried out using the CP2K
code®. In these simulations, Kohn-Sham orbitals are expanded in
a Gaussian-type basis set of triple-zeta plus polarization quality,
whereas the charge density is expanded in plane waves with the
energy cutoff of 300 Ry and I point sampling in the Brillouin zone.
Both the atomic positions and simulation cells of all the models
presented in this work were fully relaxed by employing scalar-
relativistic  Goedecker pseudopotentials®® and GGA-PBE
functionals®! with van der Waals corrections.

Localization analysis: Cross-section TEM specimens were pre-
pared by a H Inverse participation ratio (IPR) is used to
characterize the degree of localization of a Kohn-Sham eigenstate
a. In DFT calculations using CP2K, it is defined as IPR =
YilWail* /(i |Wai1?)? where ¥, are the expansion coefficients
of a with respect to the localized Gaussian-type orbitals (GTOs)
forming the basis set (see above) and i runs over all the GTOs.
For localized states, IPR is finite and provides an estimate for the
inverse of the number of atoms on which the state is localized. On
the contrary, for an extended state, IPR is equal to zero in
infinitely large systems. Our DFT models are not infinite but
contain more than 1000 atoms, therefore, the typical IPR value of
extended states is around 0.001.
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