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ABSTRACT: Strain engineering as a method to control func-
tional properties has seen in the last decades a surge of interest.
Heterostructures comprising 2D-materials and containing van
der Waals(-like) gaps were considered unsuitable for strain
engineering. However, recent work on heterostructures based on D |
Bi,Te;, Sb,Te;, and GeTe showed the potential of a different type Film Thickness (nm)

of strain engineering due to long-range mutual straining. Still, a q
comprehensive understanding of the strain relaxation mechanism In-plane
in these telluride heterostructures is lacking due to limitations of t J
the earlier analyses performed. Here, we present a detailed study
of strain in two-dimensional (2D/2D) and mixed dimensional
(2D/3D) systems derived from mica/Bi,Te;, Sb,Te;/Bi,Te;, and
Bi,Te;/GeTe heterostructures, respectively. We first clearly show
the fast relaxation process in the mica/Bi,Te; system where the strain was generally transferred and confined up to the second
or third van der Waals block and then abruptly relaxed. Then we show, using three independent techniques, that the long-
range exponentially decaying strain in GeTe and Sb,Te; grown on the relaxed Bi,Te; and Bi,Te; on relaxed Sb,Te; as directly
observed at the growth surface is still present within these three different top layers a long time after growth. The observed
behavior points at immediate strain relaxation by plastic deformation without any later relaxation and rules out an elastic
(energy minimization) model as was proposed recently. Our work advances the understanding of strain tuning in textured
heterostructures or superlattices governed by anisotropic bonding.

KEYWORDS: pulsed laser deposition, 2D/2D heterostructures, 2D/3D heterostructures, RHEED, strain engineering,
van der Waals epitaxy
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T ailoring the strain state in materials have attracted pronounced weak bonds, namely, van der Waals (vdWaals)
great interest, since it allows tuning of material bonds, link each repetitive block. To study the different
properties by factors like energy gaps, carrier mobility, scenarios of strain systems, as a matter of course, they can be
diffusivity in materials, and chemical reactivity.' > In fact, this subdivided into the 3D/3D system, 2D/2D system, and 2D/
strategy, referred to as strain engineering, significantly 3D system.

improved a plethora of thin film applications such as phase- The 3D/3D system films have been deeply studied. The
change memory devices,® solar cells,” flexoelectricity,® most well-known case is Si/SiGe heterostructures, which have

magnetocaloric effect,” and thermoelectricity.'”'" With such

a widespread application potential, it is important to Received: October 22, 2020
understand how strain develops and relaxes during the thin Accepted: January 15, 2021
film growth and how it behaves after the growth. In general, Published: January 21, 2021

considering the bond hierarchy, films can be identified as
traditional three-dimensionally (3D)-bonded, where strong
bonds exist between adjacent atoms, or 2D bonded, where
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been applied in the transistors industry.'> The strain evolution
has been extensively studied also for nitride heterostructures.'?
Bourret et al. used AIN/GaN superlattices to prove that with
the increase of the total thickness, the in-plane lattice
parameter of top sublayers will finally oscillate toward the
equilibrium lattice parameter because of the response to the
elastic properties.'* In contrast, for 2D/2D systems, the surface
layer seems to have no influence on the next layer in the
system. Owing to the weak interlayer interaction in-between
these 2D building blocks, a distinct epitaxial growth method
(ie, vdWaals epitaxy) was originally reported by Koma,'
where it was assumed that lattice parameter constraints are
absent in vertically stacked heterostructures. This conjecture
was subsequently verified for several cases, for example WSe,/
MoS, and MoS,/ MoSez, suggesting that mechanical strain is
not involved here.'®'” However, Kumar et al proved that there
is strain transfer in such heterostructures.'® Moreover, recent
experimental achievements show that many properties have
been tuned by such strain in various 2D/2D systems by strain
engineering including graphene/M (M is another 2D materi-
2L1),19_22 h-BN/M heterostructures,”> and transition metal
dichalcogenide heterostructures.>* ® However, most of the
research focused on bilayers and lacked in-depth reports on the
internal strain evolution in these 2D materials. In our previous
study, we discovered that the strain in stacked 2D layers of
Bi,Te; and Sb,Te; is exponentially decaying as the thickness
increases.”” The earliest hint of such odd behavior in 2D
heterostructures was to the best of our knowledge shown by
Wang et al. for the Bi,Ses/In,Se; system.”® However, further
discussion about this behavior was not found in the work. This
was an unexpected result since, analogous to vdWaals epitaxy,
it was widely accepted that layers should decouple quickly and
completely in a 2D/2D system. It is, therefore, a question
whether another relaxation mode exists upon direct growth of
2D heterostructures. Since the substrate (or first sublayer)
influences the strain in the other 2D sublayers, we start here,
compared to our previous work, with a different vdWaals
substrate, mica, to grow Bi,Te; films on. In this paper, a clear
“step” relaxation process has been observed in a 2D/2D
system; i.e., mica/Bi,Tes.

Recently, a number of papers reported on 2D/3D
heterostructures, such as Sb,Te;/GeTe and MoS,/GaN,
which also exhibit potential performance improvement in
memory devices and photoluminescence devices.”*"™?'
Furthermore, the combination of two kinds of bond hierarchy
may provide a versatile platform for strain control. Hence, for
further applications, it is crucial to understand the strain state
in such heterostructures, especially because this topic has
hardly received attention. In Bi,Se;/ZnSe multilayers, strain in
the 3D sublayers (ZnSn) released abruptly, which suggests
limited or no constraint at the interface.”> Wang et al.
presented the results of strain evolution 1n Sb,Te;/GeTe
superlattlces onto Sb-buffered Si(111)- ( 3 X 4/3)R30°
substrate.”” They found that tuning and engineering of strain
across the vdWaals gaps are possible and that strain relaxation
shows an unconventional behavior, which is neither like
coupled 3D/3D behavior nor like ideal 2D/2D behavior. At
the same time, we also reported this intriguing behavior for
multilayers based on all pairwise combinations of Sb,Te;,
Bi,Te;, and GeTe grown on silicon wafers covered with a thin
(native or thermal) layer of SiO,.”” Although the observed
relaxation behavior in refs 27 and 33 was the same, the
underlying models explaining the behavior showed principal
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differences. Wang et al. explained the behavior by an elastic
energy minimization model, whereas Vermeulen et al
concluded that it is due to plastic deformation. Therefore,
more experimental evidence is required to evaluate which
mechanism is responsible for this different type of strain
relaxation. In this work, the strain during growth of the various
heterostructures is directly measured at the growth front using
reflective high energy electron diffraction (RHEED). The
strain inside the (top layer of the) heterostructure a long time
after growth has been measured using three different
techniques. X-ray diffraction was used for GeTe films with
different thicknesses on a thin relaxed Bi,Te; film (on mica).
Atomic resolution scanning transmission electron microscopy
(STEM) was used to probe the strain in (i) top layers of
Bi,Te; on relaxed Sb,Te; in plane-view samples by depth
profiling and (ii) an Sb,Te; top layer on relaxed Bi,Te; in a
cross-section sample using geometric phase analysis (GPA).**
All these results consistently demonstrate that the surface
strain measured during growth is unaltered by time and by
overgrowth of additional material, proving that the relaxation is
not controlled elastically but by immediate plastic deformation
resulting in a long-range exponentially decaying strain.

RESULTS AND DISCUSSION

The lattice parameters of all materials studied in the present
work can be found in the Supporting Information, Table S1,
and the in-plane mismatch can be calculated, i.e., mica/Bi,Te;
(16.8%), Bi,Te;/GeTe (4.7%), BiyTe;/ Sb,Te; (3.0%), and
Sb,Te,;/Bi,Te; (—3.1%).

Exemplary results of RHEED analysis during the growth of
the first ten nanometers of Bi,Te; on mica are shown in Figure
la. It plots the measured in-plane lattice parameter as a
function of film thickness. Due to the very sharp texture in the
Bi,Te; films on mica with the c-axis of trigonal Bi,Te; out-of-
plane, the in-plane lattice parameter corresponds to the a
lattice parameter of Bi,Te; when described with hexagonal
lattice parameters. Overall it can be observed readily that the
film quickly relaxes to the bulk lattice parameter of Bi,Te;.
However, interesting relaxation behavior can be observed. For
a film thickness of 0 nm, of course the in-plane mica “a-lattice
parameter” is observed, which is much larger than the one of
Bi,Te;. When Bi,Te; is grown on mica, the exponentially
decaying penetration depth of the RHEED analysis, which is of
the order of 1 nm,”” will for the first atomic layers of Bi,Te,
result in a weighted average of the lattice parameters of mica
and Bi,Te;. The quickly decaying results indicate that Bi,Te;
does not form a lattice matched film on mica and quickly
relaxes. Still, some tensile strain is present initially that relaxes
abruptly for a Bi,Te; thickness of 2 nm, which exactly
corresponds to two quintuples. This abrupt relaxation proves
two effects: (1) There is some in-plane tensile strain before the
relaxation in the Bi,Te; film with a thickness less than 2 nm.
(2) Not only the surface of the Bi,Te; relaxes, but at least the
top quintuple relaxes to the bulk lattice parameter and maybe
both quintuples. For most Bi,Te; films grown, this abrupt
relaxation for a thickness beyond two quintuples was observed.
However, some deviating behavior was also observed (more
rarely). An example is shown in the inset figure. There it can be
observed that the relaxation after the second quintuple is only
partial and full relaxation occurs only after the third one. Due
to the high surface sensitivity of RHEED, it unfortunately
cannot be proven if the whole Bi,Te; film relaxes to its bulk
lattice parameter or only the top quintuples and that lower

https://dx.doi.org/10.1021/acsnano.0c08842
ACS Nano 2021, 15, 2869—2879


http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c08842/suppl_file/nn0c08842_si_001.pdf
www.acsnano.org?ref=pdf
https://dx.doi.org/10.1021/acsnano.0c08842?ref=pdf

ACS Nano

www.acsnano.org

L4
»

54

[
N
T

8| st quintuple
i1 2nd quintuple
0

o
o
T

quintuple

The second quintuple
A 1
Sy Bulk Bi,Te, Ref.

»
o
T
R

>
Y
T

Lattice Parameter (A)
o

1
1
i
2 4 6 8

42 . . .
10
Film Thickness (nm)
5.4 =
(b) g’s:z = Bl;Te,
250 = GeTe
Eus

Bulk BiTe, Ref.

__Bulk GeTe Ref.
5 10 15 20 25 3q
Film Thickness (nm)

Bulk GeTe Ref.

30 40 50
Film Thickness (nm)

0.06

(c)

* GeTe Strain

0.05 — strain fitting

0.04
0.03

0.02

Strain ¢

arb. unit
0.01

0.00 -

0 5 10 15 20 25
Layer Thickness (nm)

30

Figure 1. (a) Results of RHEED analysis showing the measured a
lattice parameter as a function of film thickness during growth of
the first 10 nm of Bi,Te; (with c-axis out-of-plane) on mica.
Abrupt relaxation of tensile strain in the Bi,Te; film occurs for a 2
nm thick film corresponding to two quintuples. The inset shows a
special case where partial relaxation occurs after the second
quintuple and full relaxation after the third. (b) The measured
lattice parameter evolution of the (4 nm/56 nm) Bi,Te;/GeTe
heterostructure. The inset shows the evolution of the (4 nm/28
nm) Bi,Te;/GeTe heterostructure. In both cases, a long-range
exponentially decaying strain is observed for the GeTe layer. (c)
The absolute strain in a 28 nm GeTe layer as a function of layer
thickness, where 0 nm is the Bi,Te;/GeTe interface. Equation £(t)
= A e is fitted to the strain profile. The rainbow bars with the
same width (strain interval) are displayed to show the distribution
of GeTe in-plane lattice parameters that will be used as input to fit
the GeTe(0006) XRD peak in Figure 2d.

quintuples still experience tensile strain. However, the stepwise
partial relaxation suggests the latter scenario. In the present
context it is interesting to note that self-aligned quintuple
layers parallel to a planar surface are popular for acting as seed
layers for subsequent epitaxial growth. Then it is frequently
found that seed layers with a thickness of 3 or 4 nm (grown on
flat surfaces) gives the best (epitaxy) results.*® On mica, this
thus implies just fully relaxed films.
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Figure 1b shows the RHEED analysis during the growth on
mica of first a Bi,Te; seed layer of about 4 nm thickness
followed by a GeTe layer with a thickness of about 56 nm.
Starting from the relaxed Bi,Te; a-lattice parameter also the
GeTe film relaxes toward its bulk a-lattice parameter, but the
relaxation occurs very slowly. For reaching the bulk value at
least a GeTe film thickness of 25 nm is required. Since this
relaxation rate is so slow compared to the very shallow
penetration depth of the RHEED analysis, the measured value
for the a-lattice parameter as a function of thickness compared
to the fully relaxed value can be directly translated into a
tensile strain ¢ value as a function of thickness t, which is
plotted in Figure lc. The experimental data consisting of tiny
red dots can be fitted very well with an exponentially decaying
function of the form &(t) = A ™", shown as a solid purple line
in Figure 1c. This type of unusual relaxation behavior based on
extensive RHEED analysis has been demonstrated, described
and explained in detail before in two recent papers, published
at the same time.””*

However, more studies are needed to resolve some unknown
issues and to arrive at a comprehensive understanding of this
special type of strain relaxation. The most important unsolved
issue is that RHEED only shows the evolution of the lattice
parameter and thus strain at the surface of a growing film but
cannot provide any information about how the strain develops
subsurface. This issue is very relevant, because various
scenarios can occur with the following two extremes. The
first extreme case is that the strain state measured at the surface
persists and will not change during additional annealing and/or
when additional layers are grown on top of the surface. Then
the exponentially decaying strain profile will remain present in
a film when another film is grown on top of it. The other
extreme case is that the whole sublayer relaxes and will get a
uniform strain state, e.g, corresponding to the one measured
for the surface.

The extremes can also be coupled to the different
mechanisms by which strain can relax, namely, by elastic
and/or plastic relaxation. In an elastic system, the strain
exerted by a fresh sublayer grown on top of an existing sublayer
will lead to a different balancing of the elastic forces and will
thus lead to changes in the subsurface strain. However, when
plastic relaxation already occurs during growth, then the
driving force for additional relaxation reduces, which increases
the probability that the strain state measured at the surface
persists when additional layers are grown on top of the surface.

There is a relatively straightforward way to solve this issue.
RHEED alone is insufficient. It has to be used together with
another technique that can detect the subsurface strain state. In
this respect, X-ray diffraction (XRD) is an obvious choice. For
XRD, it is accurate to assume that just an averaging occurs over
the total volume of the film without any depth dependence,
because the penetration depth of the X-rays is much larger
than the thickness of the thin films analyzed. So, if a whole
sublayer relaxes to a single interplanar distance then relatively
sharp XRD peaks are expected. If the strain gradients persist in
sublayers then the XRD peaks must show the corresponding
broadening. So, the concrete question now at hand is whether
the exponentially decaying strain profile as observed at the
surface of the growing GeTe film shown in Figure 1b is still
present in the GeTe sublayer also with additional overgrowth a
long time after growth or has relaxed to a more uniform value
(which still might correspond to an overall strain value).
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Figure 2. (a) 6-20 XRD scans of (4 nm/28 nm) Bi,Te;/GeTe (black line) and (4 nm/56 nm) Bi,Te;/GeTe (red line) heterostructure films
focusing on the GeTe (0006) XRD peak close to the mica (001) specular rod. Reciprocal space maps of (b) 60 nm Bi,Te; films and (c) (4
nm/56 nm) Bi,Te;/GeTe heterostructure films around the Bi,Te; (00.18) and the GeTe (0006) peak, respectively. (d) Fitting of the GeTe
(0006) XRD peak for the (4 nm/28 nm) Bi,Te;/GeTe heterostructure. The experimental data points are the open circles. For fitting, six
peaks were used which positions and area ratios were obtained from the RHEED data in Figure 1c. The area ratios of the six XRD peaks are
shown in the inset. For calculating the peak positions of the six peaks, the in-plane strain as shown in Figure 1c has first to be transformed

into the out-of-plane strain using eq 2.

XRD patterns, measured using 6—26 geometry, of Bi,Te;/
GeTe heterostructures with different (28 and 56 nm) GeTe
thicknesses are shown in Figure 2a. According to the RHEED
analyses shown in Figure 1, it is known that the Bi,Te; is fully
relaxed and that strain is present in the GeTe layer during the
deposition. However, the influence of subsurface relaxation
due to overgrowth in combination with continuous heating
during deposition and cooling after deposition on the strain in
the films has not yet been clarified. To identify the strain in the
as-deposited GeTe layers, short-range scans (50—55°) around
the GeTe (0006) peak were recorded. The sharpest peak
around 50.3° is a reflection from the mica (0011). For the two
scans in Figure 2a, this peak occurs at identical 26 positions,
indicating the stability of the measurement and that the two
scans can be directly compared. However, we also notice that
the GeTe (0006) peak of the thicker film is slightly shifted to
the right, which may be ascribed to a composition deviation
(during prolonged PLD to grow the thicker film) and/or the
mutual effect of domains with different orientations (which are
effectively absent in the thinner film and clearly develop for the
thicker film as demonstrated by the GeTe (0442) peak). It
should be noted that apart from mica only the GeTe phase was
detected in these two samples (see the Supporting
Information, Figure S1, Bi,Te; layers are too thin to be
observable). Since only two (000L) peaks are present, as
marked by the hollow triangles, for the thin (28 nm) GeTe
layer, it can be concluded that the GeTe grew exclusively with
a (000L) out-of-plane orientation on mica.

In the film with the thicker GeTe (56 nm) layer, however, a
shoulder peak appears at around 53.3°, which can be assigned
to the GeTe (0442) peak, consistent with the rhombohedral
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GeTe structure.”” This shoulder can be indexed as belonging
to three of the four GeTe (111) reflections (using cubic
coordinate system) that did not experience the Peierls-like
rhombohedral distortion.”*”** The fourth GeTe (111)
reflection, experiencing the Peierls-like rhombohedral elonga-
tion, has thus become the (0006) refection. For randomly
oriented (nontextured) film the (0442) peak should be roughly
three times as intense as the (0006) peak. This is not the case.
On the contrary, the (0006) peak is about four times as intense
as the (0442) peak. This indicates that the GeTe film is
strongly textured with the c-axis out of plane, but not
exclusively c-axis oriented as for instance is found for Bi,Te;
films of similar thickness. Interestingly, as the thickness
decreases, the (0442) peak is invisible and only an asymmetric
(0006) peak can be observed. This demonstrates that the
texture with c-axis out of plane is more perfect for thinner
GeTe and deteriorates with increasing GeTe film thickness,
where also grains develop with the other, not rhombohedrally
distorted, (111) directions perpendicular to the surface. The
excellent quality of the texture of the Bi,Te; seed-layer on mica
and the deteriorating quality of the texture with increasing film
thickness in the GeTe layer can also be directly inferred from
the RHEED patterns recorded during growth (see the
Supporting Information, Figure S2). It has also been observed
that the surface roughness of GeTe films grown on Sb,Te; or
Bi, Te; seed layers increase with increasing GeTe film thickness
(see the Supporting Information, Figure S3), which is probably
directly correlated with this deteriorating texture. Moreover,
more importantly for the present work is that the asymmetry of
the (0006) peak of the thin GeTe film around 51.5° cannot be
reasonably ascribed to a very weak (0442) peak but must be
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Figure 3. (a) Schematic illustration of plane-view STEM-HAADF imaging with depth-of-focus where the convergence semiangle is set to 30
mrad (left). Beam positions with different defocus (i.e., different depths) are shown on a typical Sb,Te;/Bi,Te, heterostructure cross-section
image, and the calculated depth resolution is 4.4 nm (right). (b) Typical atomic resolution images are captured at the various depths, and
the corresponding FFT images are shown in part c. (d) Results of depth-of-focus analysis showing the evolution of the in-plane a lattice
parameter during growth of the Sb,Te;/Bi,Te, heterostructures with a top layer of 15 nm (red squares) and a top layer of 30 nm (blue
squares). Black dotted curve shows the evolution of the a lattice parameter measured from the RHEED of the Sb,Te;/Bi,Te; heterostructure

with a top layer of 35 nm.

mainly caused by (a gradient in out-of-plane) strain. It can be
seen that asymmetry of the (0006) peak occurs at the higher
angle side of the peak. This indicates a compressive out-of-
plane strain with smaller (001)-spacing (dgo;) for the GeTe
sublayers. Thus, this peak is broadened to the right. This is
expected since it is grown on Bi,Te;, which has a larger in-
plane lattice parameter than the initial GeTe layer. The in-
plane strain in the GeTe is thus tensile. Due to lateral
contraction (Poission’s ratio), the out-of-plane strain must
then be compressive in agreement with the observed
asymmetric broadening. The type of asymmetry observed in
the (0006) GeTe peak in Figure 2a at first glance appears to
correlate well with the exponentially decaying strain observed
in the GeTe film according to Figure 1b. However, before
proceeding to a more quantitative correlation, it is better to not
only analyze the GeTe (0006) and (0442) peaks region in a
6—20 scan but also in a reciprocal space map.

Reciprocal space maps of a 60 nm Bi,Te; and the Bi,Te;/
GeTe (4 nm/56 nm) heterostructure are compared in Figure
2b,c. Results of detailed TEM analyses for both layers,
including atomic resolution images of the mica/Bi,Te;/GeTe
cross-section, are shown in the Supporting Information,
Figures S4 and SS, respectively. The 60 nm Bi,Te; film
exclusively shows its c-axis out of plane. The Bi,Te;/GeTe (4
nm/56 nm) heterostructure does not provide any observable
Bi,Te; reflections (as shown in Figure 2a) but clearly shows
the GeTe (0006) and (0442) peaks. It can be seen in Figure
2b that the single Bi,Te; layer peak exhibits a symmetric shape,
which means the absence of strain, as expected based on Figure
la,b. Due to the weak van der Waals bonding at the substrate—
film interface, the mica surface has limited effect on the Bi,Te,
film. This is similar to the results described for Bi,Te,Se,
MoO, on mica.*""** However, the GeTe (0006) peak in Figure
2c shows an asymmetric broadening in agreement with the 6—
26 scan. From Figure 2c¢, it can now be observed that this
asymmetric broadening occurs solely in the Q, direction. The
weak intensity of the (0442) peak with respect to the (0006)
peak and their relatively clear separation along the Q, scale
shows that the asymmetric broadening does not originate from
their mutual interaction, but must be ascribed to a gradient in

out-of-plane c-lattice parameter, correlating well with the
exponentially decaying strain observed in the GeTe film
according to Figure 1.

So both Figures 2a and 2c strongly suggest that the
exponentially decaying strain profile in Figure 1 measured
directly during GeTe growth still exists a long time (many
months) after growth when the XRD measurements were
performed. In order to show this convincingly, XRD curve
fitting around the (0006) peak of the 28 nm GeTe sublayer is
shown in Figure 2d. Unlike the 2D character of Bi,Te; blocks,
where relaxation is expected after each quintuple, we anticipate
that in GeTe films (having the c-axis out-of-plane), the lattice
constant develops gradually and continuously, changing after
each GeTe bilayer. In order to do consistent curve fitting, the
RHEED tensile strain profile, as shown in Figure 1, is equally
divided into six parts according to the shown “rainbow” bars.
For the in-plane lattice parameter of each part, the central
strain value of the bar was used. The length ratios of the bars
from Figure 1c have been converted into the area ratios (based
on area fraction, see inset in Figure 2d) of the corresponding
six XRD curves in Figure 2d. However, one should notice that
the RHEED tensile strain profile describes the distribution of
the in-plane lattice parameter, whereas with XRD the
distribution of out-of-plane lattice parameter are measured.
In order to relate these two, Poisson’s ratio is used. Since there
is no experimental data available on the rhombohedral GeTe
Poisson’s ratio v, a calculated average value of 0.19 was used.*
In fact, rhombohedral GeTe has 12 distinct elastic
components. However, for the sake of simplicity, we assume
that GeTe is isotropic with only two independent elastic
constants: elastic modulus E and Poisson’s ratio v.** Starting
from the general elastic isotropic case, where three normal

strains €, €, €, are related to three normal stresses o,, 0,, 0, it
holds
e, = ~lo, - v(o, + 0.)]
= —[o, — v(o, + 0,
X E X y z (la)
e = ! [c, — v(c, + 6,)]
YT g x z (1b)
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Figure 4. (a) Cross-sectional STEM-HAADF image of Bi,Te;/ Sb,Te; heterostructure grown on a Si wafer covered with 300 nm SiO,. (b)
The top shows the FFT image from the heterostructure, and the circled spots are used to derive strain in different directions. The in-plane
component of the strain tensor (¢,,) and out-of-plane component of the strain tensor (¢,,) obtained from the STEM image by geometric
phase analysis (GPA) are shown in the middle and bottom, respectively. (c) GPA linescan curve showing the evolution of in-plane strain in
the out-of-plane direction is overlapped on the RHEED results from the same sample. Red dots are the original RHEED data, which are
integrated into a smooth curve (black) by the Savitzky—Golay method.*® Despite the discontinuities present in the GPA linescan, it still
shows a reasonable overall agreement with the strain measured during growth using RHEED analysis.

1
€ = E[Gz - V(Gx + Gy)]

(1c)

In the case of an elastically isotropic thin film on a substrate,
with x and y the in-plane direction and z the out-of-plane
direction, it holds that ¢, = ¢, and 6, = 0, and, since no net
stress can exist perpendicular to a free surface, it must hold that
0, = 0. Then the relation between the out-of-plane strain ¢,

and the in-plane strain €, as derived from eqs la—Ic yields
=W
1-v

SZ

& @)

So, when using a value of 0.19 for Poisson’s ratio, the
measured out-of-plane strain with XRD is slightly less than half
the in-plane strain measured with RHEED. Now the in-plane
lattice parameter distribution measured by RHEED can be
readily transformed into the out-of-plane lattice parameter
distribution measured by XRD. For the six peaks used for
fitting the overall GeTe(0006) XRD peak, a PsdVoigtll
function was used, where the Gaussian fwhm, Lorentzian
fwhm, and profile shape factor are kept the same for all six
peaks. Note that the final results are not sensitive on the exact
shape assumed for the six peaks. As can be observed from
Figure 2d, the simulated envelope (black solid line) indeed
obeys an asymmetric distribution fitting very well (quantita-
tively) the experimental data (black hollow circles). The
quality of the fit is particularly good when taking the various
simplifications into account: Only six discrete peaks are
included in the fitting, a simple elastically isotropic model is
used to relate the in-plane and out-of-plane strains and the
Poisson ratio of 0.19 used is maybe a bit low. Therefore, the
good fit demonstrates that the exponentially decaying strain
measured using RHEED during growth of the GeTe films is
still present many months after growth according to the
present XRD analysis.

To provide additional proof that the strain measured with
RHEED remains unaltered and that such persistent long-range
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exponentially decaying strains are not only observed in GeTe
but also in Sb,Te; and Bi,Te; and thus a more general
phenomenon, we also used atomic resolution STEM in two
distinct ways. The results of these two methods are depicted in
Figures 3 and 4, respectively.

In the first method, we exploited the fact that the Angstrom-
sized electron probe in aberration-corrected STEM can have a
depth-of-focus of only several nanometers. Aberration
correction is crucial, because only then the depth-of-focus
can be reduced significantly (by increasing the convergence
semiangle of the electron beam) while maintaining atomic
resolution. For a plane-view TEM sample and a STEM image
recorded with defocus zero (defined as the top surface of the
specimen), this in principle implies that only an atomic
resolution image of the atomic planes parallel to the top
surface are recorded. With gradually increasing defocus, such
that the probe moves down into the sample (actually defocus is
made more negative), atomic resolution images of deeper
atomic planes perpendicular to the electron beam can be
recorded. Therefore, aberration-corrected STEM in principle
allows depth profiling in plan-view samples as schematically
depicted in Figure 3a. We applied this technique to measure
the strain in a Bi,Te; top layer grown on relaxed Sb,Te;,
(grown on TEM grid with a 30 nm thick Si;N, membrane).
The atomic resolution in the images deteriorates for defocused
values beyond —20 nm and therefore we could probe up to a
maximum depth of about 20 nm. In order to probe the
complete strain profile in the Bi,Te; top layer, two different
samples were analyzed. One with a top layer of 15 nm such
that we could probe down across the Sb,Te;/Bi,Te; interface
and one with a top layer of 30 nm such that we can also probe
the strain at larger distance from the Sb,Te;/Bi,Te; interface.
Figure 3b shows examples of atomic resolution images
recorded at different defocusing in the 30 nm top layer
sample, in principle, also implying corresponding depths with
respect to the top surface. From all images recorded at the
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various depths, the Fourier transform was taken, see an
example in Figure 3¢ where the FFTs were taken from the
images in Figure 3b, and the a lattice parameter measured at
each depth was quantified in an automatic manner (which is
explained, together with some other details for the current
depth profiling method, in the Supporting Information, Figure
S6). The lattice parameter as a function of depth measured by
STEM depth profiling is depicted as data points in Figure 3d
and is overlaid on the RHEED profiles (continuous curves)
measured for the heterostructure with the same structure. The
results of the 15 nm top layer sample are depicted in red and
for the 30 nm top layer sample in blue. The STEM results are
consistent with the ones from RHEED. The depth resolution is
24/a,>* where A is the wavelength of the electrons and a is the
beam convergence semiangle. For a beam energy of 300 keV
and a convergence semiangle of 30 mrad, the depth resolution
of the images can be determined to be 4.4 nm. Therefore,
some (more) deviation was expected since the depth
resolution for RHEED of about 1 nm is clearly higher than
for STEM.

In the second method, we used atomic resolution STEM to
analyze a cross-section sample containing an Sb,Te; top layer
grown on relaxed Bi,Te; (grown on Si wafer covered with 300
nm SiO,). In order to assess the strain present in the telluride
layers, geometric phase analysis (GPA) was applied to the
atomic resolution images.34 An example STEM-HAADF image
is shown in Figure 4a. The excellent texture in the telluride
heterostructure can be readily observed with only planes and
vdW gaps parallel to the substrate surface and without any
signature of the presence of even low-angle tilt boundaries.
Based on this excellent texture, it would be expected that the
strains in the out-of-plane direction ¢,, would be measured
best by GPA. However, the GPA results on ¢,, are modulated
by the overlapped (006) reflection (half of quintuple layer),
making it difficult to extract out-of-plane strain. Still, GPA
provides strain profiles for the in-plane strain that closely
resemble the strain profiles measured with RHEED. An
example is shown in Figure 4c. It can be observed that the
strain in the Bi,Te; bottom layer does not show any
appreciable change when approaching the interface with the
Sb,Te; top layer. This is consistent with the RHEED results
showing that the Bi,Te; bottom layer is fully relaxed in this
region. The Sb,Te; top layer on the other hand shows a lattice
matching with the Bi,Te; at the interface, indicating maximum
strain, which then decays when moving higher up in the
Sb,Te; top layer. When overlaying the GPA results on the
RHEED results, which is relatively straightforward since both
couple directly to the in-plane lattice spacing, a quite good
match can be obtained in quantitative sense. Still, some varying
results in the GPA analysis is observed. Few deviating parts in
the GPA linescan exist as shown in Figure 4c. The result
demonstrates that the relaxation in the Sb,Te; at the interface
with Bi,Tes is relatively abrupt and does not show the gradual
decay observed with RHEED. The reason that the GPA
analysis does not completely match the strain profile as derived
from the RHEED analysis probably has two main origins. The
first one is that making a thin cross-section (using FIB) must
cause additional relaxation of the biaxial strain imposed in the
Sb,Te, at its interface with Bi, Te;. This additional relaxation is
completely avoided in the case of the depth profiling of plane-
view samples as shown in Figure 3 and is probably the reason
that better results were obtained. The second origin is that
with GPA, the strain in rather small local nanoscale regions is
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obtained, containing local defects, whereas in RHEED an
averaging over a large (millimeter sized) surface area of the
film is performed. Then in combination with the plastic
deformation, we show that is responsible for the strain
relaxation, it is quite logical that the deformation can deviate
from domain to domain in the film. The plastic deformation
depends on how dislocations can be introduced into the film to
relax the strain. Domain walls can be an important source from
which dislocations can glide into the textured film. Then it is
readily possible that the local structure of the domains and its
walls vary and thus generate some variations in how each
domain relaxes. In order to properly assess the average strain
(relaxation) in the telluride heterostructures, global techniques
like RHEED or XRD will be more accurate than local
techniques with limited statistics. Nevertheless, the present
atomic resolution STEM imaging combined with GPA again
shows that persistent long-range decaying strains can be
observed that are not compatible with strain relaxation based
on elastic energy minimization.

Our work here demonstrates that in highly textured GeTe,
Bi,Te; or SbTe; with the c-axis out of the plane, as grown on a
c-axis oriented relaxed Bi,Te; or Sb,Te; seed layer, an
exponentially decaying strain is present as observed directly
during growth, but the same strain profile is still present many
months after growth of the films as was demonstrated based on
XRD and two types of STEM analyses. Apparently, the
instantaneous strain measured by RHEED in these top-layers is
not observably changed (further relaxed) by (1) overgrowth of
a more top layer material, (2) prolonged annealing at the
growth temperature (210 °C), (3) cooling back to room
temperature, and (4) prolonged storage at room temperature.
These results also directly show that the strain relaxation
observed during RHEED cannot be coupled to an elastic
model. It shows that there is relaxation by instantaneous plastic
deformation. A first indication for this behavior was found
when it was demonstrated that, when halfway during the
exponentially decaying strain the film growth is stopped, the
strain stazls constant and does not show any further
relaxation.”” However, the time interval the growth was
interrupted and was relatively short of the order of seconds to a
minute and could not exclude that still a further strain
relaxation is possible on a much longer time scale (days to
months). Therefore, the present results are important, showing
that also many months later the exponentially decaying strain
profile that directly develops during growth is still present
without any further relaxation.

The likely explanation for this persistent strain profile is that
after the immediate partial plastic relaxation insufficient driving
force (stored strain energy per unit volume) remains present
for achieving full strain relaxation. For the instantaneous
relaxation it is required that dislocations glide parallel to the
GeTe bilayers, Bi,Te; or Sb,Te; quintuple layers and are
localized between these layers. For full strain relaxation, it is
also required that dislocations glide across the bilayers or
quintuples toward the interface with the Bi,Te; or Sb,Te; seed
layer. For quintuple based materials like Bi,Te; or Sb,Te,,
which are typified as 2D materials, this is maybe not so
surprising. However, for GeTe which is generally typified as a
3D material it is. Still, due to the bilayer structure of GeTe with
alternating strong and weak bonds between the atomic layers,
one might call it a pseudo-2D material. This type of anisotropic
bonding is probably responsible for the fact that partial
relaxation with an exponentially decaying strain occurs easily in
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these highly textured GeTe films (with the bilayers parallel to
the surface) and that full relaxation is not observed. We also
notice that such exponential behavior is not changed by the
growth mode of GeTe that initially is 2D and then 3D
(Stranski—Krastanov). The change from 2D to 3D growth is
observable in RHEED data (Supporting Information, Figure
$2) and also HAADF-STEM (see Figure S6), but there is not
an observable change in the exponentially decaying strain as,
e.g, measured using RHEED.

In a recent paper also, the exponentially decaying strain was
observed based on RHEED pattern analysis during MBE
growth of Sb,Te,/GeTe superlattices,”” where they write
“Here, it is shown for the first time that superlattices of layered
chalcogenides (Sb,Te;/GeTe) behave neither as fully
decoupled two-dimensional (2D) materials nor as covalently
bonded three-dimensional (3D) materials. Instead, they form a
novel class of 3D solids with an unparalleled atomic
arrangement, featuring a distribution of lattice constants,
which is tunable.” In the paper, strain engineering of 2D/3D
system is particularly emphasized and discussed, because it
differs significantly from strain engineering in 2D/2D and 3D/
3D systems. However, their explanation of this same
phenomenon we observed at the same time”’ is principally
different from what we describe here. There an elastic spring
model (elastic energy minimization) is assumed with certain
limited coupling across vdWaals gaps and between the different
sublayers of the heterostructures. For (ideal) 2D materials, no
coupling occurs between the layers and the consequence is that
in heterostructures the different sublayers just have their own
fully relaxed lattice parameter. For the chalcogenide super-
lattices, the sublayers (e.g, Sb,Te;, and GeTe) are internally
assumed elastic with in addition a limited elastic coupling
between the different types of sublayers (across the Sb,Te;—
GeTe interfaces). Such a model can explain well the
instantaneous exponential variation in lattice parameters as
observed using RHEED (and as well explain that there is no
time dependence when the springs respond instantaneously),
but it is in disagreement with the observations that the
observed strain still persists unaltered (subsurface) with further
overgrowth of the same or the other material.

Moreover, in this recent paper, it was assumed that GeTe
acts as a 3D material with finally after growth of the
heterostructure a uniform strain. The present work demon-
strates that there is not a uniform strain but still an
exponentially decaying strain in the GeTe. In the Sb,Te;, the
final strain that persist in this sublayer shows, according to the
elastic model, a gradient due to steps in strain values across the
vdWaals gaps in the Sb,Te; but much diminished compared to
the gradient in strain instantaneously observed by RHEED.
Grazing incidence XRD (GID) of an in-plane lattice spacing
was used to experimentally measure the lattice spacin
distributions present in the GeTe- Sb,Te; superlattices,™
which were then fitted with the outcome of the elastic model
obtained from fitting the initial RHEED curves. Comparing the
experimental and modeled GID data shows rather dramatically
that the modeled strains present in the superlattice show much
less spread than the actual ones. Particularly on the GeTe side
of the GID peak (at lower in-plane lattice spacings), the
modeled peak is very sharp, whereas the experimental one is
very broad. A similar but reduced mismatch occurs at the
Sb,Te; side of the GID peak. In light of the results presented
here, these mismatches are obvious. A single strain and thus a
single lattice spacing is assumed for GeTe, whereas in reality it
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keeps the large spread instantaneously measured by RHEED
without any further relaxation. For Sb,Te; the assumed
additional elastic relaxation, diminishing the strain gradient,
does also not occur but keeps the large spread instantaneously
measured by RHEED. It is unfortunate that the authors of this
article did not try to directly relate the in-plane lattice spacing
measured with RHEED with the in-plane lattice spacing
measured with GID without any intervention of the elastic
model. It is very likely that a much better fit of the
experimental GID peak would have been obtained.

Finally, some remarks have to be made on typifying
materials as 2D or 3D. Obviously most materials are 3D
bonded and there is no debate about that. However, for
simplicity, we initially typified GeTe as a 3D bonded material
and Bi,Te; and Sb,Te; as 2D bonded. In the end, these are
gross simplifications that should not obscure a proper analysis
of these material systems. GeTe in its stable low-temperature
structure has a rhombohedral lattice that is formed out of its
parent cubic structure by a Peierls-like distortion along one of
the four (111) directions of the cubic phase. This distortion is
thus accompanied by a dimerization of GeTe planes, such that
each Ge or Te atom forms three short (strong) and three long
(weak) bonds with each other. These bilayers provide a clear
anisotropy to GeTe that in an exaggerated sense might be
called pseudo-2D. This anisotropy is also the reason that GeTe
films can be grown with their c-axis out-of-plane as has been
exploited in the present work. This anisotropy is also the
reason that the strain relaxation in GeTe behaves neither as
holds for fully decoupled two-dimensional (2D) materials nor
as holds for classically three-dimensional (3D) materials, as
observed in the present work. Similarly, to call Bi,Te; and
Sb,Te; 2D materials is also too simple. Indeed, when looking
at the structure of these materials, the 2D nature based on
stacking of quintuple layers seems obvious. The relative large
spacing between these quintuples, i.e., between Te—Te atomic
layers, suggests them to be vdWaals gaps. However, an
accurate analysis of these spacings for V,VI; and many (IV—
VI),(V,VL;),_, compounds shows that these VI—VI gaps,
when compared with the average IV—VI and V—VI interplanar
distances, are much smaller than expected for purely vdWaals
gaps; see Figure 25 in ref 47. In contrast, the gaps in M—VI,
transition metal dichalcogenides demonstrate ideal spacings
and thus pure vdWaals bonding. So, the stronger bonding
across the vdWaals-like gaps in the V,VI; and (IV—
VI),(V,VL;);_, compounds shows that these are not true 2D
materials. Strain relaxation in these compounds therefore also
deviates from both the ones in fully decoupled two-
dimensional (2D) materials and in classically three-dimen-
sional (3D) materials. In the present work, for Bi,Te; on mica
strain relaxation occurs very fast, requiring only two or three
quintuples, showing the weak coupling across the mica—Bi,Te;
interface, which comes close to truly 2D behavior. However, in
both our earlier and this work, we show that the strain
relaxation in Bi,Te; on (relaxed) Sb,Te; or Sb,Te; on
(relaxed) Bi,Te; is of long-range exponentially decaying nature
where the gradual reduction to 1/8 of the initial maximum
strain level requires 20 quintuples. Therefore, this type of strain
relaxation in these intriguing compounds depends sensitively
on details of the substrate on which they are grown.

CONCLUSIONS

We reveal that the strain evolution of a “3D-bonded” material
(GeTe) grown on “2D-bonded” material (Bi,Te;) exhibits an
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extraordinary long-range exponentially decaying relaxation
mode, which is durable during and after growth. In contrast,
the strain in Bi,Te; grown on mica is found to be suddenly
released after mostly two (sometimes three) quintuples,
approaching the expected decoupled behavior of 2D materials.
The long-range exponentially decaying strain in GeTe is also
observed for Bi,Te; on (relaxed) Sb,Te; or vice versa.
Moreover, these strains are measured directly at the surface
during growth but turns out to be still present in a fairly
unaltered way a long time after growth inside the film as shown
by XRD and STEM analyses. This strain is therefore not
dependent on time but importantly also not on additional film
overgrowth. The observed behavior shows that the strain
relaxation is not the result of an elastic (energy minimization)
process but of plastic deformation. This long-range strain
profile in these systems (and similar ones like Bi,Se;/In,Se;,
multilayers) is attributed to pseudo-2D behavior with
alternating stronger and weaker bonds (for bilayers of GeTe
or quintuples for Bi,Te; or Sb,Te;) in planes parallel to the
growth surface. The weaker bonds allow a gradual strain
release as film thickness progresses, but the stronger bonds
then prevent misfit dislocations to glide to the heterostructure
interface and thus full relaxation of a sublayer. Our work
therefore suggests a proper pathway to simulate and engineer
the mutual straining behavior in these pseudo-2D materials.
Recent theoretical calculations show that the Seebeck
coefficient of Sb,Te; can be greatly improved because of the
increased band extrema by changing the number of Sb,Te;
layers.** 1t is well-known that the band structure in
semiconductor materials can be influenced by strain, inducing
rather dramatic changes of their electronic, quantum transport
and photonic performances.””**™>' We therefore anticipate
that the exact observations and precise predictions of strain in
these pseudo-2D materials hold great promise for tailoring
their functionalities, e.g, in optoelectronic and thermoelectric
applications.

EXPERIMENTAL SECTION

Samples Preparation and Growth. vdWaals epitaxial Bi,Te;
films and Bi,Te;/GeTe heterostructures have been grown on (001)
freshly cleaved muscovite mica substrates by pulsed laser deposition
(PLD), using a KrF excimer laser (4 = 248 nm) operating at 1 Hz
repetition rate. The commercial stoichiometric compound targets
were obtained from KTECH and have a purity of 99.999%. Once
cleaved in air, the mica substrate was installed in the chamber and
heated to the deposition temperature. In order to obtain Bi,Te; and
GeTe crystalline films, the deposition was carried out in argon gas at a
pressure of 0.12 mbar with a 1 sccm flow, a laser fluence of 1 J cm™
(spot size 1.3 mm?) with a substrate temperature of 210 °C. The
background pressure was below 1077 mbar and the target—substrate
distance was 4 cm. In previous work, the growth rate was found to be
approximately 1 nm per 50 pulses at such conditions.”” The thickness
was also checked again in images based on FIB prepared cross
sections (eg, recorded at 30 kV in SEM or 300 kV in dedicated
STEM, where typical examples can be found in the Supporting
Information Figure S7 and Figure 4a). Similar PLD growth
procedures were used for growing the Bi,Te;/Sb,Te; and Sb,Te;/
Bi,Te; bilayers on the Si wafer covered with 300 nm thermal oxide.

RHEED Analysis. In situ RHEED was used to investigate the
growth mode during the deposition. The RHEED images were
obtained with an azimuth parallel to mica [110] every 200 ms. This
enables in situ analysis of the evolution of the in-plane lattice
parameters of the film, which is calculated from the lateral spacing of
the diffraction streaks (or spots). The method was described in detail
by Vermeulen et al>” Since the Bi,Te; film relaxes rapidly, the
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RHEED patterns of the last 20 pulses of the Bi,Te; film were used as
a reference for the calibration of the lattice spacings.

Characterizations of Films. The structure and strain of the films
were characterized by X-ray diffraction (XRD), using a Panalytical
X’pert Pro diffractometer operating in two ways: high-resolution 6—
20 specular scans and reciprocal space maps (RSMs) around the
GeTe (0006) peak. Atomic force microscopy (AFM) images were
obtained by a Bruker MultiMode 8 and analyzed by the Gwyddion
software. Transmission electron microscopy (TEM) cross-section
samples were prepared by focused ion beam (FIB, Helios G4 CX
DualBeam), and TEM analysis was performed with a probe- and
image-corrected Thermo Fisher Scientific Themis Z S/TEM
operating at 300 kV. For the depth profiling experiments, the
convergence semiangle was set to 30 mrad, yielding a depth-of-focus
of about 4.4 nm. For plane-view samples, films were removed from
the mica by floating them off at the water surface and transferred to
TEM grids followed by analysis by TEM (JEOL 2010) operated at
200 kV.
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