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Quantitative Scanning Transmission Electron
Microscopy—High-Angle-Annular Dark-Field Study
of the Structure of Pseudo-2D Sb,Te; Films Grown

by (Quasi) Van der Waals Epitaxy

Vitomir Sever, Nicolas Bernier,* Damien Térébénec, Chiara Sabbione, Jessy Paterson,
Florian Castioni, Patrick Quéméré, Audrey Jannaud, Jean-Luc Rouviére, Hervé Roussel,

Jean-Yves Raty, Frangoise Hippert, and Pierre Noé*

Scanning transmission electron microscopy (STEM) techniques are used to
improve the understanding of out-of-plane oriented Sb,Te; thin films deposited
by sputtering on SiO, and Si substrates. Nanobeam precession electron dif-
fraction, energy-dispersive X-ray spectroscopy, and high-angle-annular dark-field
imaging show that the presence of 1-2 atomic planes of Te on top of the
substrate is a crucial factor for successful growth of such films, which can be
achieved by optimizing cosputtering of Te and Sb,Te; targets. The formation of
an actual van der Waals (vdW) gap between the substrate and the first Sb,Tes
quintuple layer allows for vdW epitaxy. This gap is larger than those separating Te
planes in the pseudo-2D Sb,Te; structure. HAADF image analysis provides
detailed information on the atomic arrangement such as interplanar distances,
vdW gaps, and Debye-Waller coefficients, all these with a few pm precision. For
the anisotropic atomic displacements, a new methodology is introduced based
on the statistical analysis of atomic column positions that provides information
on the low-frequency phonon modes. Ab initio calculations are used to support
our results. Overall, this study provides quantitative STEM tools particularly well
suited for nonperiodic pseudo-2D materials, such as Sb,Te;/GeTe superlattices.

creating a growing demand for improved
performance in computing technologies.
Thus, fast, nonvolatile memory technolo-
gies are needed for both data processing
and storage in order to handle the huge
amounts of data at lower environmental
cost. One of the most promising alterna-
tives for storage class memory, which aims
to bridge the technology gap between
DRAM and NAND Flash memories, are
phase-change memories (PCMs). In a
standard PCM, a small volume of a chalco-
genide phase-change material (e.g., a
Ge,Sb,Tes alloy) rapidly and reversibly
changes from an amorphous state (mem-
ory RESET state 0) to a polycrystalline state
(memory SET state 1). However, one of the
main limitations of standard PCMs is the
high RESET current required for a
melting—quenching process to locally
amorphize the phase-change material.l*”!
Thus, reducing power consumption in
PCMs is currently the priority of many

1. Introduction

The rise of Internet of Things (IoT) devices and technological
trends such as artificial intelligence and machine learning is

research groups. The integration of a GeTe/Sb,Te; superlattice
(SL) into a memory cell has resulted in a significant reduction in
RESET current compared to similar devices incorporating
reference phase-change alloys such as Ge,Sb,Tes or GeTe.*”!
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GeTe/Sb,Te; SLs are obtained by alternatively depositing
nanometer-thick GeTe and Sb,Te; crystalline layers with atomic
planes parallel to the substrate. However, during deposition, Ge
atoms diffuse into the Sb,Te; layers to form intermixed blocks
(GST) containing Te planes as well as planes with mixed Ge and
Sb occupancy. As-deposited SLs consist of a complex, nonperi-
odic stacking of Sb,Te; blocks (five Te—Sb-Te—Sb-Te atomic
planes forming a so-called quintuple layer (QL)) and GST blocks
separated by so-called van der Waals (vdW)-like gaps between the
Te planes.** The performance of devices integrating these SLs
depends on the precise nature of the stacking of the different
blocks. A deeper understanding of the local atomic structure
of SLs is therefore mandatory to improve and master this
technology.”!

High-angle-annular dark-field (HAADF)-scanning transmis-
sion electron microscopy (STEM) technique has been widely
employed in recent years to study the atomic structure of chal-
cogenide SLs as well as pseudo-2D vdW-layered chalcogenide
films such as Sb,Te; or Ge,Sb,Tes, for example, to determine
defects (swapped Dbilayers, vacancy layers, twinning
domains...),®'* chemical intermixing,*'" or vdW gaps
reorganization.l'” The widespread use of this technique for fast,
elemental identification is due to its ease of interpretation.
Indeed, HAADF images do not suffer from contrast delocaliza-
tion or contrast inversion. Unlike in high-resolution transmis-
sion electron microscopy (TEM), the HAADF experimental
intensities allow a clear distinction between elements with very
different Z-numbers (e.g., Sb/Te vs. Ge) since the column inten-
sity increases with Z."*! Most of the studies devoted to SLs are
based on a qualitative description of HAADF images that does
not require advanced data processing and image simulation
tools.!*®! Nevertheless, a quantitative analysis can provide much
more information, such as atomic column positions with
picometer precision,!'”) chemical quantification with about 3%
precision,'® or deep insight to the thermal vibrations of the
lattice."! Therefore, we developed a new Python library in which
we combined and implemented well-established methods for
measuring atomic column positions and local composition, with
precision down to a few picometers. In this work, the tools we
developed are applied to the study of Sb,Te; thin films, exploring
and discussing innovative insights regarding growth conditions,
interplanar distances, vdW gaps, Debye—Waller coefficients, and
anisotropic atomic displacements.

2. Python Tools for Quantitative HAADF Imaging

Several tools have been developed by different research groups to
determine atomic column positions or local composition
from STEM images, such as Atomap,?® ImageEval,”! or
StatSTEM*?! programs. However, we preferred to develop our
own integrated module, not only to extract precise information
about both the intensity and position of atomic columns, but also
to facilitate the comparison with STEM image simulations and
explore original numerical analyses of atomic column positions.
The aim of this development is therefore to facilitate, promote,
and provide new quantitative studies of the local atomic struc-
ture, especially in the case of SLs and pseudo-2D vdW-layered
chalcogenide films. For that purpose we developed a new
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Python library in which we combined and implemented well-
established methods for measuring atomic column positions
and local composition, as it will be briefly explained in the fol-
lowing sections. A more detailed description is given in
Supporting Information S1.

The template matching (TeMA) approach proposed by
Zuo et al.”?* is used to measure column positions with subpixel
accuracy. Since TeMA can run from templates extracted from
each experimental image, this Python tool has been specifically
optimized to be robust when applied to nonperiodic and defect-
containing structures such as SLs or pseudo-2D vdW-layered
chalcogenide films. We show in the following that this approach
allows measuring distances between atomic columns with an
accuracy down to a few picometers. Here, TeMA is also
combined with the quantification approach developed by
Rosenauer et al.”? that consists of comparing the normalized
experimental intensities with those simulated (using the frozen-
lattice multislice algorithm in the STEMsim program!®’)
taking into account the nonuniformity of the detector sensitivity)
for different TEM foil thicknesses, atomic column compositions,
and atomic vibrations. The analysis uses the Voronoi cell
method®® using the precise atomic column positions provided
by TeMA. As an evaluation test, the Python code was applied to
HAADF-STEM images acquired on a calibration specimen that
consists of four 10 nm-thick SiGe layers with Ge concentrations
of 45 at%, 38 at%, 31 at%, and 20 at%, each separated by 30 nm of
silicon, on a silicon substrate. As shown in Supporting
Information S2, the results obtained using our Python code show
that the local Ge composition can be measured from STEM
images with a relative accuracy of ~1.6%. Furthermore, since
the growth of SiGe layers is epitaxial, this specimen is appropri-
ate for a direct comparison of the measured strain to simulations
using finite-element modeling. Indeed, the in-plane lattice spac-
ing does not change while the lattice parameter is distorted along
the growth direction as a function of the Ge content. As shown in
Supporting Information S2, the STEM-measured strain deviates
from the actual strain value by less than 0.2%.

3. Results and Discussion

3.1. Analysis of the Interface between the Substrate and
Pseudo-2D Sb2Te3 Thin Films

Our developed tools are applied to the study of Sb,Te; thin films.
In addition to being a constituent of chalcogenide SLs and a seed
layer for the growth of the SL, Sb,Te; is of great technological
interest as it is a topological insulator, which makes it a potential
candidate for spinorbitronics applications.””?®! Besides, Sb,Te;
is responsible for the remarkable thermoelectric properties of
Sb,Tes/Bi;Te; alloys and SLs.**?% The growth of out-of-plane
oriented Sb,Te; films, thanks to vdW epitaxy, using different
deposition techniques, molecular beam epitaxy (MBE), pulsed
laser deposition, or sputtering, is well documented in the
literature.®*# For applications, mastering the growth by
industry-compatible methods is essential. Two 400 nm-thick
Sb,Te; films were deposited at %250 °C by magnetron sputtering
in an industrial cluster tool on (100) Si wafers of 300 mm diam-
eter by cosputtering of Sb,Te; and Te targets. As shown in our
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previous works,*”) the cosputtering method allows to deposit

stoichiometric and well out-of-plane oriented Sb,Te; films.
One film was deposited after cleaning the surface of the Si sub-
strate by an Ar plasma treatment, which removes the native
silicon oxide and leads to the formation of a few nm-thick
amorphous Si layer. The other film was deposited on a Si wafer
covered with a 100 nm-thick amorphous SiO, layer obtained by
thermal oxidation of the Si substrate. The SiO, surface was
cleaned by a soft Ar plasma etching to remove surface contami-
nation before starting the deposition of Sb,Te;. X-ray diffraction
(XRD) was performed on the two films to check their overall
structural quality. The results (given in the Supporting
Information S3) show that most of the Sb,Te; crystallites have
an out-of plane orientation, with the atomic planes of Sb and
Te parallel to the substrate, that is, with the ¢ axis perpendicular
to the substrate (hexagonal indexation of the trigonal structure of
Sb,Te;). No preferential in-plane orientation of the crystallites is
present. The lattice parameters a and ¢ are almost identical in
both films and close to the values measured on single crys-
tals®?*% or powdered Sb,Te; samples,*! as reported in the
Supporting Information S4.

We acquired precession electron diffraction (PED) mappings
to further examine the microtexture of the films and select a suit-
able crystallite for quantitative HAADF-STEM studies. This
characterization technique, also known as automated crystal ori-
entation mapping (ACOM),*? allows to measure the orientation
of all Sb,Te; grains with a spatial resolution of ~3 nm. Figure 1a,
b shows the inverse pole figure (IPF) mappings along the <001>
axis of the Si substrate for both Sb,Te; films. The orientation of
the silicon substrate is defined within the coordinate system illus-
trated in Figure le. Apart from a very small number of disori-
ented crystallites, mostly located in the upper part of the films
close to their surface, the Sb,Te; grains appear in red in the
IPF map, indicating that their ¢ axis is close to the normal to
the substrate. In order to acquire high-resolution HAADF-
STEM images, the electron beam must be aligned along a
crystallographic direction for which the atomic columns and
vdW-like gaps of Sb,Te; can be resolved. Here, the <11-20>
(hexagonal notation) observation direction is chosen.
Therefore, from the orientation data collected in PED mappings,
we calculated for each pixel the angular disorientation with
respect to this zone axis condition, as schematically illustrated
in Figure 1g. Results are shown in Figure 1c,d. In the two films,
crystallites with a height equal to the film thickness (=400 nm)
are observed. Their size in the plane of the substrate is of the
order of 200 nm. Information on the distribution of the ¢ axis
orientation among the crystallites can also be deduced from
the analysis of rocking curves measured by XRD on a 00! diffrac-
tion peak. The full width at half maxima of the rocking curves are
equal to 4.7° and 1.9° for the films deposited on Si and SiO,,
respectively (Supporting Information S3). Although the orienta-
tion distribution is larger for the film deposited on Si, this result
indicates that well-oriented out-of-plane Sb,Te; films were
deposited on both types of substrates. Similar results are
observed for Sb,Te; films deposited on amorphous substrates
by MBE.P!

For each film, one crystallite with the smallest possible
disorientation with respect to the <11-20> direction was
chosen for high-resolution STEM measurements and analysis
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Figure 1. IPF map of the Sb,Te; grains with respect to the silicon <001>
axis in films grown on a) deoxidized Si and b) SiO, susbtrates. The color
legend is given in (). Angular disorientation map of the Sb,Te; grains with
respect to the zone axis <11-20>condition (color bar from blue for 0°
disorientation to red for 15° disorientation) in films grown on
c) deoxidized Si and d) SiO,. Sb,Tes grains studied in high-resolution
HAADF are evidenced by white dotted lines. e) Coordinate system of
the silicon substrate. f) Color legend of the IPF mappings. g) Scheme rep-
resenting the angular disorientation of the Sb,Tes grains (green) on the
substrate (black) with respect to the zone axis <11-20>.

(see Figure 1c,d), and ten high-resolution HAADF images were
acquired from the substrate to the top surface. An example of an
HAADF image acquired on the Sb,Te; film deposited on amor-
phous SiO, is shown in Figure 2a. Only the lower part of the
400 nm-thick film is shown here in order to visualize the inter-
face between the film and the SiO, layer. Whereas deposition on
crystalline or amorphous Si is well established,®”31333436]
deposition on silicon oxide has been more debated. In the case
of MBE, the growth of oriented Sb,Te; films could not be
achieved on SiO, but could be achieved on SiO, (x < 2).**! In
the case of sputtering, deposition on SiO, was reported to be
impossible®” but deposition on native silicon oxide was
reported.”) We have shown in ref. [37] that out-of-plane oriented
Sb,Te; films can in fact be deposited by sputtering onto various
materials, including SiO, and SiO,, when using cosputtering of
Te and Sb,Te; targets, which allows the formation of a Te-rich
layer on the surface of the bottom material. However, a detailed
study of the interface structure between the SiO, layer and the
first QL of Sb,Te; remains to be done. The presence of an
ordered atomic plane on top of the SiO, substrate is detected
in the HAADF image shown in Figure 2. A well visible gap

© 2024 Wiley-VCH GmbH

85UB017 SUOWILLOD BAIERID 3|l idde 8Ly Aq peusenob ke il VO ‘SN o S9InJ 10} Al 8UIIUO A8|IM LD (SLIORIPUOD-PUR-SUIBY WD  AB | IM*A g [BU 1 UO//StY) SUORIPUOD PUe swiie 1 841 88S *[1202/20/02] Uo Aridiauliuo Ae|im ‘eBa - Ined uoliy L Ad Z0¥00£202 5Sd/200T 0T/I0p/W00" A8 | 1w AReaq 1 utjuo//:Sdny Wwoly pepeojumoq ‘0 ‘0229298T


http://www.advancedsciencenews.com
http://www.pss-rapid.com

ADVANCED
SCIENCE NEWS

g o @™ 5gmrrl
k- Q2
£ ) "

www.advancedsciencenews.com

[1T00]

[1120] (o001

www.pss-rapid.com

426.7

2909

‘T
f R R R
R

-
O‘ ’.
. 2
3
- -
- - K 3927
.0 i
B .g ?
- —_
® > g
< 358.8
- - S
. _9 S
¥ 2
* g
S
3248.2
- (@)
-
..
-
L

256.9

Figure 2. a) HAADF image of a Sb,Te; film grown on SiO,. b) Enlarged view of the interface between SiO, and the first Sb,Te; QLs. The segments
represent the measured distance between the two selected Te atomic columns across the vdW gaps. The colors of the segments are chosen according to

the color bar shown on the right.
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Figure 3. a) HAADF image of the interface between the SiO, layer and the Sb,Te; film, showing the presence of a layer comprising atoms with high
Z numbers. Elemental maps obtained by EDX spectroscopy of b) Te, c) Sb, and d) superimposition of Te and Sb. e) Te and Sb intensity profiles integrated
vertically over the whole elemental maps across the passivation layer and the first Sb,Te; QL. On the x-axis, 10 pixels correspond to 124 pm.

separates this surface plane from the first QL. One to two surface
planes are visible in the EDX mapping of Te but not in that of Sb
as shown in Figure 3a—d. The chemical concentration profiles of
Te and Sb along the growth axis are given in Figure 3e. Since the
EDX signal from the surface layer is weak, the EDX spectra are
obtained by summing overal pixels in the vertical direction of the
image. We observe a slight increase in the overall EDX intensity
in the first QL, most likely due to a small disorientation with
respect to the electron beam and/or a small thickness gradient
of the foil. More importantly, the Te intensity shows a maximum
at the pixel positions corresponding to surface planes, while the
Sb intensity is constant and equal to the value measured in the
SiO, layer. A nonzero value of the Sb signal inside the SiO, layer
can be explained by a contribution due to fluorescence and spu-
rious signals. Thus, within the limit of the experimental
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accuracy, the atoms in the planes formed on top of the SiO, layer
are Te atoms and not Sb atoms. Two main reasons may be
invoked to account for the low-HAADF intensity of this surface
plane: 2) a high level of disorder or defects such as vacancies and
2i) a higher atomic displacement of surface atoms. The fact that
the surface plane is mainly composed of Te is reinforced by the
analysis of the gap separating this plane from the Te plane of the
first Sb,Tes QL. Our developed Python tool, when applied to
the HAADF image in Figure 2, provides the shortest distances
d"~Te | between Te atomic columns across the gaps. All the
ol values measured for the gaps between QLs within
the image are very close and no variation is detected as a function
of the distance between the QL and the substrate. The same con-
clusion applies when the analysis is extended to all HAADF
images acquired throughout the film and the average value of

dTe —Te
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d™ e . is 296.4 = 1.8 pm. By contrast, the d"*~ ™ ;;-value for the
first gap under the first Sb,Te; QL (369.6 & 7 pm) is significantly
larger. A similar trend was observed for Sb,Te; film deposited by
MBE on a Si(111)-(v/3x/3)R30°-Sb surface in ref. [6] where the
larger intercolumn distance under the first QL was ascribed to
the presence of Sb adatoms introduced by surface passivation.
In addition, there is a twin boundary'**! between the Te-rich sur-
face plane and the first QL. Note that no other twin boundary is
observed in the studied crystallite throughout the film thickness.
Within the experimental accuracy, the average distance d
between columns along the <1100> direction is the same in
the surface plane and in all planes of the QLs. Its average value
is 368.4 + 0.9 pm. From the knowledge of dre=Te_ and d, one
can calculate the interatomic distance d™ T, as explained in
the Supporting Information S5. One finds average d"~ ", values
of 4264+63pm for Te atoms across the first gap and
364.8 &+ 1.8 pm for Te atoms across adjacent QLs. The latter value
is in good agreement with interatomic distances calculated from
diffraction studies of the literature on bulk SbZTeg[”’“](see
Table S1 in the Supporting Information S4). Therefore, the
Te-Te distance across the first gap is larger by a factor 1.17 than
the distance between Te atoms belonging to adjacent Sb,Tes;
QLs. As pointed out in ref. [44], the Te-Te distance across gaps
in Sb,Te; is ~#10% smaller than twice the vdW radius of a Te
atom, that is, ~412 pm,'*” showing that the gaps are not pure
vdW gaps and that a significant coupling between QLs exists, giv-
ing to Sb,Te;, as well as to Bi,Tes and Bi,Se;, a pseudo-2D char-
acter related to the existence of metavalent bonding in these
materials. In contrast, we found here that the Te-Te distance
across the first gap is close to twice the vdW radius of a Te atom.
These remarkable results demonstrate that the growth of an ori-
ented Sb,Te; film is made possible by the formation of a true
vdW gap.

3.2. Interatomic Distances

We present an in-depth analysis of interatomic distances through
the thickness of the two Sb,Te; films. Three distinct types of
interatomic distances, schematically illustrated in Figure 4a,
are considered: 1) between Sb and the central Te atom in a
QL, denoted gsb-Te(cent) 2) between Sb and the outer Te atom
in a QL, denoted 45T and 3) between Te atoms across the
gaps, denoted d"™®'¢,,. These distances correspond to the short-
est ones between atoms belonging to successive atomic planes.
Supporting Information S4 provides both an example of HAADF
image processing to derive maps of intercolumn distances and a
table summarizing the interatomic distance obtained from the
analysis of the ten HAADF images acquired at different distances
from the substrate within one grain for each film. Within the
limits of experimental accuracy, no significant variation in
the three types of distances is detected within the grain for the
two films (see Supporting Information S4), which shows that
there is no substantial strain accommodation in the thin films.
Furthermore, there is no discernible difference between the
interatomic distances in Sb,Te; films grown on Si or SiO,.
We find that the lattice parameters a and ¢, calculated from
HAADEF, are in excellent agreement with the values measured
by XRD on both films, confirming the accuracy of our approach.
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Figure 4. a) Sb2Te3 hexagonal unit cell viewed along the [1120] direction.
Sb and Te atoms are displayed in orange and green, respectively.
Distances d°b-Te(cent)  Sb—Tel) = gTe=Te ,re jllystrated schematically
with arrows, and the orange rectangular schematic represents a Sb,Tes
QL b) Experimental HAADF image of a Sb,Te; QL consisting of
Te-Sb-Te-Sb-Te atomic columns, c) Simulated HAADF image of a
Sb,Tes QL for a 35 nm-thick foil using Ueq from Mansour et al.l4nl
d) Experimental HAADF intensity profile, averaged over 270 Sb,Tes;
QLs and simulated profiles using different sets of equivalent isotropic dis-
placement parameters Ueq, given in Table 1. [And], [Man], and [Kok] refer
to data from Anderson et al.?¥ Mansour et al.*' and Kokh et al1*%
respectively.

The interatomic distances are also in good agreement with
values calculated from diffraction studies on bulk Sb,Te,B%*V
validating the positions of the atoms in the unit cell deduced
from diffraction. Finally, the difference in average length
between Sb—Te(ext) and Sb—Te(cent) bonds (45> ¢, =
299.6 + 1.1 versus d>° Te™)  — 3153+ 0.4 pm, respectively,
for the film deposited on SiO,) is a consequence of the
Peierls distortion in Sb,Te;.*4

3.3. Debye-Waller Coefficients

HAADF images are processed to extract information about the
intensity of atomic columns. By averaging the intensity profiles

© 2024 Wiley-VCH GmbH
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of 270 Sb,Te; QLs, an average experimental HAADF intensity
profile can be obtained. Note that the Sb,Te; QLs must be pre-
cisely oriented along the zone axis in the TEM to obtain symmet-
ric profiles. Yet, very few asymmetric profiles are observed in
each image. They are automatically rejected by the program.
The average profile for the film grown on SiO, shown in
Figure 4d reveals that the HAADF intensities of Sb and Te
atomic columns are different and, more importantly, that the
central Te atomic column has a slightly higher intensity than
the Te atomic column near the gaps, as already observed quali-
tatively in refs. [7,9,46]. In order to interpret these features, sim-
ulated HAADF maps are produced using the STEMSim
software. To a first approximation, the HAADF intensity depends
on three parameters: the thickness of the foil (or the number of
atoms per column), the atomic column composition, and the
amplitude of the thermal vibrations for each type of atom.
Here, we can reasonably assume pure Sb or Te atomic columns,
as suggested by the EDX mapping in Figure 3. The thickness of
the STEM foil was measured on the Si substrate by position aver-
age convergent electron beam diffraction (PACBED)!*”! patterns.
We found a foil thickness of 35 nm =+ 2 nm. In electron micros-
copy simulation, a key concept is that electron scattering occurs
much faster (~10'* 5) than the thermal vibrational period of the
atoms (mlO’13 s). Because the time between two successive
incoming electrons is long compared to the period of thermal
phonon oscillation, the model considers the electron beam to
move through a time-averaged electrostatic potential that is
the convolution of the electrostatic potential with a Gaussian fil-
ter representing the displacement of the atoms.[*¥! In the case of
isotropic atomic displacements, this filter in Fourier space is
flq) = e 2 #msd’ | with q the reciprocal spatial distance and
U the root mean square displacement of the atoms. We per-
formed simulations using different sets of values for atomic dis-
placements obtained from diffraction studies in the
literature®*~*! and given in Table 1. Mansour et al.*"! studied
the anisotropy of atomic displacements in Sb,Te; by neutron
powder diffraction. The STEMsim simulation software only con-
siders isotropically vibrating atoms. Thus, for the simulation, we
used the equivalent isotropic displacement parameter Ue,
defined as the average of the mean square displacements in
the principal directions of the anisotropic displacement ellip-
soid.*”! Basically, U, represents the mean square displacement
averaged over all directions. Values of U4 are given in the work
of Kohk et al.*”! In the study by Anderson et al.**! only the mean
square displacement in the [0001] direction Us; is given. These
values were nevertheless used in a STEMsim simulation
because, according to Mansour et al. Us; and Ugq of the three
kinds of atoms show similar relative trends.

Simulated HAADF maps, as shown in Figure 4b for a 35 nm-
thick lamella, are produced for Sb,Te; samples from 1 to 80 nm
thick in 0.425 nm increments. Then, a least-squares minimiza-
tion of the experimental HAADF profile is performed using all
simulated profiles with two free parameters: the width of the
Gaussian function used to convolve simulated maps to account
for the experimental spatial resolution (I'pohe) and the local foil
thickness (tgi), that is not fixed to the measured one in order to
test the accuracy of our approach (with respect to the PACBED
measurement). Figure 4d shows an excellent agreement between
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Table 1. Parameters used for fitting the HAADF intensity profile shown in
Figure 4. (left) U, values deduced from X-ray or neutron diffraction
studies in the literature (except for Anderson et al.’® where Us; is
given). (right) TEM foil thickness (tri) and probe width (prope)
providing the best agreement with the experimental profile for a given
set of U values. Z4, is the square sum of the deviations between
experimental and simulated profiles. The thickness of the foil measured
by PACBED on the silicon substrate is 35 £2 nm.

Source Ueq [pm? Quality and parameters
of the adjustments
Te(cent) Sb Te(ext) Eeoil Torobe Zdev

[nm] [pm] [a.u]

From Anderson et al.®® 1013 1773 633 30.2 75 0.238
From Mansour et al.[*" 110.0  190.0 1900 353 70 0.175
From Kokh et al.” 120.8 1843 1396 353 72.5 0.132

experimental and simulated profiles with U, values from
refs.[40,41] for which the displacement of the central Te atoms
is smaller than that of the the external Te atom. As shown in
Table 1, we found that the best fit for these two datasets is
obtained for tg,; values differing by less than 2nm from the
thickness measured by PACBED on Si. In contrast, the profile
simulated from Anderson et al.* values, for which the displace-
ment of the central Te atom is larger than that of the the external
Te atom, differs significantly from the experimental one with a
considerably larger square sum of deviations X, as provided in
Table 1. This analysis demonstrates that the measured HAADF
intensities can only be accurately reproduced if the correct trends
of atomic thermal vibrations in the Sb,Te; structure are consid-
ered. Note, however, that the profiles simulated using Mansour
et al.*" and Kokh et al.*”! data are quite similar even though the
Ueq values for the outer Te atoms are quite different, that is,
190 versus 139.6 pm?, respectively. This result shows a general
limitation of the STEM-HAADF quantitative analysis: even by
performing this technique to the best of our abilities, it turns
out that this is not sufficient to obtain thermal displacements.
However, this is not necessarily a negative result. It implies
for instance that quantification of Sb and Ge intermixing in
GeTe/Sb,Te; SLs does not necessarily require to know the exact
values of atomic displacements of Sb, Te, and Ge, but only the
relative importance of each.

3.4. Anisotropic Atomic Displacements

The above analysis demonstrates that considering isotropic
atomic displacements are sufficient to reproduce experimental
HAADF column intensities. We show below that a statistical
analysis of atomic column positions gives interesting pieces
of information on the anisotropic displacements of atoms.
Our methodology, that has been implemented in our python
code, shares some common points with previous publications
on high-resolution scanning transmission electron microscopy
analysisl"”?*°% but our interpretation and results are quite
new. Figure 5 outlines the main steps of our procedure that is
an extension of TeMA.”*! When applying TeMA, the positions
of each atomic column are determined, and then the six
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components of a reference lattice, that is, x and y components of
two basis vectors and the origin of the lattice, are calculated by
least-squares fitting. Here, the difference with standard TeMA is
that a reference lattice is defined for each of the three different
types of atoms of the QL: Sb as well as central and external Te.
Then, a displacement map is generated for each atom type, as
shown in Figure 5d. The 2D displacements are decomposed into
directions parallel (d,) and perpendicular (d1) to the gaps, as
illustrated in Figure 5a. For the three atom types, the histograms
of d;; and du are calculated to derive the associated standard devi-

ations 6{'*APF and 6{"A*PF, as shown in Figure Sb. In™# these

standard deviations are used to evaluate the accuracy of the detec-
tion of atomic column positions. The originality of our work is to
show that these standard deviations can provide information on
the anisotropy of atomic displacements. Prior to the presentation
of the experimental results, we offer in the subsequent section a
theoretical explanation of the observed displacements using our
statistical analysis.

The collective atomic vibrations or movements are generally
decomposed into orthogonal phonon modes. In practice, these

©) QOOO dy d
o) OOOO o 0
O r::’o 0]

7t Perfect fitted lattice for Sb

O Experimental lattice

www.pss-rapid.com

vibrations are studied by spectroscopy techniques and the high-
est frequency corresponds to the shorted phonon wavelength
which is twice the lattice parameter in a cubic structure. In sili-
con, these high vibration frequencies are in the 10'*~10"* Hz
range which are much faster than our recording times. But,
similarly to a lake surface, where H and O atoms vibrate at
THz frequencies while at the same time one can observe low-
frequencies fluctuation of the water surface, the atoms in the
TEM lamella undertake complex collective movements that
include phonon modes of many different frequencies ranging
from the THz to the few Hz. Physicists generally considered that
the low-frequency mode are mainly related to external excitation
such as sounds or heat. Importantly, the low-frequency modes
follow the same potential and collective constraints as the
high-frequency modes and consequently are sensible to the same
anisotropy potential constraints. The force magnitude acting on
an atomic column in a particular direction is contingent upon the
displacements of the surrounding atomic columns, influenced
by bond energy and stiffness. In summary, 1) high-
resolution HAADF images contain white dots that are correlated

(b)

g C, g (o
Z| —— S| ~—
d,(Sb) d,(Sb)

d: Atomic column displacement

d,: Atomic column displacement perpendicular to
the gaps

dy: Atomic column displacement parallel to the
gaps

o, Standard deviation of d

u- Standard deviation of d,

s : Sb atom displacement x15
wie- . central Te atom displacement x15
: external Te atom displacement x15

(e) Atomic column mean square anisotropic displacements diagram (%) _5,
Sb Sb " O
external Te central Te external Te
L 4 ® L 4
Tyn = 2.31 Tan = 2. Tan ™ 2.31
r, = 1.55 r, = 1.55

an

an

Figure 5. a,b) Principle of the method used to derive mean square displacements of atomic columnss. See text for more details. c,d) Application of the
method to an experimental HAADF image acquired on the Sb,Te; film deposited on SiO,. For better visualization, the length of the arrows is multiplied by
a factor of 15. The arrows go from the perfect coordinates to those observed. e) Diagram showing the measured mean square anisotropic displacements
of the atoms in the directions parallel and perpendicular to the gaps. The anisotropy factor, equal to ai/o’ﬁ, is referred to as r,,.
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to the projected average positions of high-frequency vibrating
atoms broadened by the experimental tool,*! 2) these dots have
low-frequency oscillations that can be studied either by analyzing
a series of image (case 1) or by performing statistical analysis of
equivalent dots present in a given STEM image (case 2). In prac-
tice, as these low-frequency phonon modes have wavelengths
greater than hundred of meters (i.e., larger than the sample size),
they can only be activated through external excitations such as
external heating or in our case by the incoming electron beam.
Electron beam-induced motions have been extensively investi-
gated and documented in recent literature, particularly concern-
ing individual atoms, for example.*?! A quantitative study of the
mechanisms involved in atomic column displacements under
the electron beam in the TEM is beyond the scope of this article.
In what follows, we show that precise statistical measurements of
HAADF atomic column positions can provide valuable informa-
tion on the anisotropic displacements occurring in the material
and only case 2, that is, statistics on equivalent dot positions, is

realized.

HAADF?

Quantification of o} and 6/*APF’ from the experimental

data is detailed in the Supporting Information S7. We emphasize
that atomic displacements were determined using a series of
images obtained by varying electron probe currents to address
inherent STEM acquisition noise. We also verified that changing
the beam scanning direction does not impact the relative atomic
displacements. Nevertheless, a comprehensive analysis of all
microscope settings, such as high voltage, foil thickness, dwell
time, is necessary to accurately determine atomic displacements.
In this context, we focus solely on interpreting the relative values
of atomic displacement between different atom types. The results
are summarized in Table 2 and Figure 6, with a schematic illus-
tration of anisotropy ratios provided in Figure 5e. Note in Table 2

that the measured equivalent isotropic atomic displacement,

HAADF? __ 1 HAADF?

& + ' IAAPF) s about 10 times smaller

O,

Table 2. Mean square anisotropic displacements of atoms parallel (UJ‘)
and perpendicular (U,) to the vdW gaps taken from Mansour et al.!l
and calculated by AIMD simulations in the present work. Equivalent

isotropic Ueq values are also given. (of"*A%F)? and (o!/A°F)? are

extracted from STEM-HAADF images (see text). oHMOF =

2 2 . . . . . .
%(ZGWAADF + o!AAPFY) is an equivalent isotropic atomic displacement.

Source Properties Te(cent) Sb Te(ext)
From Mansour et al.*" Uy (pm?) 120.0 150.0  190.0
Uy (pm?) 70.0 3200 2100
AIMD: Without excitation Y (pm?) 129 142 156.5
U, (pm?) 141 249 170
Ueq (pm?) 133 177.7 161
AIMD: With 0.5 eV excitation Y (pm?) 156 167.5 203
U, (pm?) 159 286 216
Ueq (pm?) 157 207 207.3
STEM HAADF (o] AF)2 (pm?) 5 13.1 6.5
(cHA4DF)2 (pm?) 1.3 20.3 15
(cHARDF)2 (pm?) 7.1 15.5 9.3
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than the experimental value indicating that the low-frequency
terms are indeed a small contribution to the total vibrations.
Importantly, as shown in Figure 6, 6HAAPF exhibit the exact
same trends as U values from,[*” that is, the atomic displace-
ments are highest for Sb atoms and lowest for the central Te
atoms. Ueq values from ref. [40] provide the best match with
experimental HAADF intensities (as shown in Figure 4), so
the alignment with this data strengthens the reliability of our
statistical positional analysis. In addition, 1) Sb atoms have
the largest values of both ¢/AAPF* and allfAADFz and 2) g!IAADF g

HAADF?

larger than o| for all types of atoms. As shown in Table 2,

these findings do not align with those of Mansour et al ™! who
reported higher displacement of central Te atoms parallel to the
gap compared to the perpendicular direction. Hence, to better
understand the HAADF data, we modeled crystalline Sb,Tes
using ab initio molecular dynamics (AIMD).

For this purpose, we used the Vienna Ab-initio Simulation
Package code,®® based on density functional theory electronic
structure calculations, together with projector augmented wave
potentials®* and the PBESoL exchange-correlation functional.l®>)
The latter has been found to improve the description of structural
and dynamical properties of the related Ge;Sb,Te, and
Ge,Sb,Tes compounds, without any inclusion of a semiempirical
vdW correction.”® Indeed, the relaxed hexagonal unit cell param-
eters (in A: 4.25; 4.25; 30.18) are close to the experimental values
(see Table S1 in the Supporting Information S4). The atoms
special positions are (0;0;0.399) for Sb, (0,0,0) for central Te
and (0;0;789) for external Te against (0;0;0.3986), (0;0;0) and
(0;0;7878) from diffraction.***!1 The equilibrium interatomic
distances are d5®~ 7Y —299 pm, dSP-TeC™  — 315 pm, and
dre=D,, =363 pm Dbetween external Te atoms across the
pseudo-vdW gap. The dynamics was performed at 300K, on a
240 atom crystal supercell, with Gamma point sampling of
the Brillouin zone. A timestep of 3 fs was used together with
a Nosé thermostat. Data were acquired and averaged for all spe-
cific atomic positions (Sb, Te(cent),Te(ext)) after a 5 ps thermal
equilibration and over 10 ps trajectories. In order to probe the
possible impact of the incoming electron beam in the TEM, a
second AIMD simulation was performed by applying an elec-
tronic excitation using constrained density-functional theory,
forcing the half occupation of states that initially span a 0.5eV
range around the Fermi level (and preserving the total neutrality).

The simulations provide the components of the mean square
displacement tensor from which the projections onto the direc-
tions perpendicular and parallel to the gaps defined in the exper-
iment can be calculated. The obtained Ueq and anisotropic Uy,
U, parameters are given in Table 2 for the two simulations.
First, note that trends of AIMD U4 values are in excellent agree-
ment with those from ref. [41] (given in Tablel), that is,
Usp > Ure(exty > Ute(cenyy- This result confirms the consistency
of the AIMD data. In Figure 6, we present the comparison
between AIMD U parameters for the two simulations and
oHAADF® \ie observe the same trends, in particular, 1) in terms
of vibration amplitude, we have U}, > Ure(ext) > Ure(ceny) for both
directions (i.e., parallel and normal to the gaps), 2) U, parameter
is higher than U for all atom types. Anisotropic vibrations rein-
force the idea that the Sb,Te; is indeed a pseudo-vdW material
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Figure 6. Bar chart showing the AIMD-simulated mean square anisotropic displacements of atoms parallel (//) and perpendicular (1) to the vdW gaps
(with and without electronic excitation) compared to the mean square column displacements (6"A*PF)2 measured by HAADF.

for which interplane interactions are weaker than in-plane ones.
The 0.5 eV electronic excitation in AIMD systematically leads to a
minor increase of all U values, which is especially low for central
Te atoms in which case the vibrations under electronic excitation
tend to get isotropic probably related to a perfect metavalence
(one electron per bond). Overall, we note an excellent qualitative
correlation between AIMD U and 6"APF* values. Note however
that there is a significant difference in the volume electronically
excited between TEM experiments (scanning of a sub-Angstrém
electron probe) and AIMD simulations (all the atoms in the
supercell). In TEM, the excited atomic column is therefore con-
strained by ground-state atoms which may limit to a higher
extent the atomic displacements. This aspect should also be kept
in mind for further analyses.

4, Conclusion

In summary, well-oriented out-of-plane Sb,Te; films were depos-
ited on amorphous SiO, and deoxidized Si substrates. By analyz-
ing the interface with the SiO, substrate, we have shown that the
growth of an oriented Sb,Tes film is made possible by the for-
mation of a true vdW gap between the substrate and the first
Sb,Te; QL. Thus, the key parameter for successful growth of
an out-of-plane oriented Sb,Te; film on any substrate is the pres-
ence of one to two atomic planes consisting mainly or entirely of
Te atoms on top of the substrate. This can be spontaneously
achieved if the Te flux is sufficient. The present results show that
this condition is satisfied when optimized cosputtering of Te and
Sb,Te; targets is performed. In this case, the use of a “two-step”
method®**®! where an amorphous Sb,Te; thin seed layer
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(~3 nm thick) is first deposited at room temperature and then
crystallized by heating is not necessary. Note that successful
growth of Sb,Te; on SiO, was also found possible by combining
the “two-step” method and the use of a single target enriched in
Tel® but no analysis of the interface was performed in that work.
The presence of a true vdW gap between the substrate and the
first Sb,Te; QL allows the deposition of the first QL by vdW epi-
taxy. Within the experimental accuracy of the analysis of HAADF
images, the structure of the first QL does not differ from that of
all other QLs. The quantitative analysis of interatomic distances
from HAADF images through the layer thickness showed no
measurable strain accommodation in the thin films. The differ-
ence of interatomic distances between Sb and Te(ext) or Te(cent)
evidences the Peierls distortion in Sb,Te;. The presently devel-
oped tools for HAADF image analysis allow to determine distan-
ces between atomic columns and thus interatomic distances with
an accuracy down to a few pm. In the case of a periodic crystal
such as Sb,Te;, the accuracy on interatomic distances obtained
from HAADF image analysis is lower than that obtained from
diffraction studies but in the case of nonperiodic structures such
as SLs (e.g., comprising various types of GST blocks), our
approach will be extremely useful to provide information on
the local atomic structure. In addition, we reproduced with good
precision the absolute HAADF intensity profile across the
Te—Sb-Te-Sb-Te QL. Our analysis unambiguously confirmed
that the central Te atoms vibrate less than the outer Te ones.
There is however a limitation in the quantitative analysis of
HAADEF intensities, as it is not possible to extract exact values
of isotropic atomic displacements. The HAADF image simula-
tion is sensitive to the relative magnitudes of atomic displace-
ments for each type of atom. This is not necessarily a
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negative result. It implies that quantification of Sb and Ge inter-
mixing in GeTe/Sb,Te; SLs does not necessarily require the
absolute values of the thermal vibrations of Sb, Te, and Ge,
but only the relative importance of each. Finally, anisotropic
atomic vibrations were detected using a new methodology that
analyzes the statistical positions of atomic columns and thus
measures the low-frequency phonon modes, which to our knowl-
edge is completely new. Combined with AIMD simulations, our
results showed that Sb atoms have higher vibration amplitude
than external Te atoms (as found in HAADF intensity profile
study), and central Te atoms have the lowest amplitude, both
in the directions perpendicular and parallel to the pseudo-vdW
gaps. The perpendicular components are systematically higher
than the parallel ones for all atom types. AIMD simulations
showed that a 0.5 eV electronic excitation resulted in a minor
increase in U values, with central Te atoms tending to have iso-
tropic vibrations, probably due to perfect metavalence. Good
agreements between our new methodology results and other
experimental results (either X-ray and neutrons ones) or ab initio
calculations tend to validate our methodology, but further works
both experimental and numerical ones will be needed to confirm
it completely. We hope that our results will stimulate other
groups to test and use it. Overall, the quantitative HAADF
analysis tools developed in the present work have been fully
validated by their application to Sb,Te; thin films for which a
comparison with diffraction results can be made because the
structure is periodic. The methods should be particularly
important for GeTe/ Sb,Te; SLs, comprising nonperiodic
Sb,Te; and GST blocks, for which diffraction studies alone
may not provide a comprehensive understanding of the local
atomic arrangement.

5. Experimental Section

Thin-Film Deposition: The Sb,Tes films were deposited by high-vacuum
magnetron sputtering. During the growth of Sb,Te; films, the temperature
was maintained at about 250 °C. Sputtering of a stoichiometric Sb,Tej; tar-
get leads to the deposition of Te-deficient films.[*# Therefore, following
our previous studies,”*” the Sb,Te; films were deposited by cosputtering
Sb,Te; target and an additional Te target. After deposition, all films were
coated in situ with a 20 nm-thick layer of GeN to protect them from oxi-
dation after fabrication.

TEM Thin-Foil Preparation: Lamellae for the TEM analysis were
prepared by Ga™ focused ion beam (FIB) milling using a ThermoFisher
Scientific (TFS) Helios 450 machine. Prior to milling, two layers
(first silicon oxide and then tungsten) were deposited to protect the
top surface of the material. A 30 kV operation voltage for the initial milling
was used and then the foil was thinned down to approximately 35 nm thick
using a low beam energy in the range 5-8 kV to reduce FIB-induced
damage.

ACOM Acquisition: The ACOM analysis was performed on a TFS Tecnai
Osiris microscope operating at 200kV and equipped with the
NanoMEGAS ASTAR system. The microscope was set to a microprobe
mode with a spot size of 10 using a 30 pm C; aperture. Diffraction patterns
(consisted of 144 x 144 pixel images) were acquired on a Stingray charge
coupled device camera with a 220 mm camera length (precisely calibrated
using the diffraction patterns from the silicon substrate) using a 30 ms
integration time. 1.4 x 4.8 ym? mappings (cropped in Figure 1 for better
visualization) with a step size of 10 nm were acquired for each sample.
After indexing all the diffraction patterns, mappings were exported to
ang file and subsequently imported (the format was modified using a sep-
arate Python file) in HKL Channel 5 software dedicated to process electron
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backscattered diffraction data. Angular disorientation maps of the Sb,Te;
grains with respect to the zone axis <11-20>condition were displayed
using the ideal orientation manager.

STEM-HAADF Image Acquisition and Simulation: STEM-HAADF
images were acquired on a probe-corrected TFS Titan Themis operated
at 200 kV using a convergence semiangle of 18 mrad for the incident elec-
tron probe. The camera length of 86 mm corresponded to inner and outer
collection angles of the HAADF detector (Fischione Model M3000) of 78
and 230 mrad. The shadow of the inner detector hole visible in the
Ronchigram was not an accurate representation of the electron beam-
sensitive region, which was measured according to the method of
Lebeau et al.””! Gun lens and spot size values were selected to provide
a probe current of ~20 pA. Settings of brightness/contrast were adjusted
to ensure a linear contrast transfer of the amplifier. The normalization of
experimental intensities to the incoming electron beam was performed
using the detector scan, as explained in the Supporting Information S1.
Series of 30 images were captured at a resolution of 2k x 2k, a pixel size
of 3.13 pm, and a dwell time of 0.8 ps. Rigid registration for image align-
ment was performed using the SmartAlign software described in the study
by Jones et al.’® Simulations were carried out with the frozen lattice multi-
slice method available in the STEMsim program!®®! using five phonons for
each simulation. We created the Sb,Te; supercell using 6 x 2 unit cells
along the <1120> direction. Maps were simulated with a pixel size of
5.28 pm for lamella thicknesses up to 105 nm with an increment corre-
sponding to the slice thickness of 0.425 nm.

X-Ray Diffraction Experiment (XRD): XRD patterns were acquired in the
in 0-20 (Bragg Brentano) geometry using a D8 Bruker diffractometer
equipped with a Ge monochromator selecting the Cu (Ka;) radiation
(A =0.15406 nm) and in-plane geometry, using a Rigaku SmartLab diffrac-
tometer (Cu Kay and Ko, radiation).

Supporting Information

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