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ABSTRACT: Isothermal crystallization of amorphous Ge depos-
ited on a cubic Fe3Si/GaAs(001) substrate is performed by in situ
annealing within a transmission electron microscope. It was found
that the formation of epitaxially aligned tetragonal FeGe2 is
associated with a disorder−order phase transition mainly
consisting of a rearrangement of the Fe/vacancy sublattice from
a random distribution to alternating filled and empty layers.
Additionally, atomically resolved high-angle annular dark-field
scanning transmission electron microscopy and energy-dispersive
X-ray spectroscopy demonstrated that the vertical lattice spacing of
the Ge sublattice reduces across vacancy layers, indicating that
strain minimization plays a role in the phase transition process.
Crystallization and ordering are both found to proceed layer-by-
layer and with square-root-shaped kinetics with a smaller transition rate for the latter.

■ INTRODUCTION

Heterostructural interfaces can stabilize metastable crystalline
structures by means of epitaxial constraints.1−8 These
heterostructures then often show different mechanical,7

magnetic,6,8 optical,1,4,5 and transport properties,1,6 which
can be used to either optimize existing devices1 or open up
potential new applications.6,8 Oftentimes, these strain stabi-
lized structures are characterized by layered superstructures
with layer orientation parallel to the interface along the growth
direction.6,8

Another example has been observed in the case of solid-
phase epitaxy of semiconducting Ge on ferromagnetic Fe3Si.

9

For this nominally lattice matched cube-on-cube system, there
is no influence of epitaxial strain and pure Ge is expected to
form during solid-phase epitaxy. However, strong diffusion of
Fe into the Ge film is detected at relatively low crystallization
temperatures and, instead of pure Ge with a diamond
structure, an epitaxial film with a Fe content of about 35% is
obtained.10 According to the Fe−Ge phase diagram in this
composition range,11 the formation of the stable FeGe2
compound is expected with the tetragonal CuAl2 crystal
structure and space group I4/mcm.12 X-ray and electron
diffraction measurements together with high-angle annular
dark-field (HAADF) scanning transmission electron micros-
copy (STEM) studies demonstrated, however, that a different
metastable crystal structure has formed, which is characterized
by a novel vacancy-ordered tetragonal FeGe2 described by the
P4mm space group.10

In our earlier work, we used in situ high-resolution TEM
(HRTEM) to observe the solid-phase epitaxy process inside
the microscope. We have found that initial crystallization of the
amorphous film does not immediately result in the mentioned
ordered FeGe2 structure but that there exists an intermediate
state lacking the periodicity corresponding to the vacancy
layers of the P4mm phase.13 A similar intermediate structure
has been observed for the FeSi2 alloy. This material too shows
epitaxial crystal structures differing from the bulk phase.14−18

In particular, the α-phase of FeSi2 is interesting as it is
comparable to the layered FeGe2 structure.19 While in bulk
materials, this phase is only stable at above 920 °C, and it can
also be observed at room temperature (RT) when stabilized by
a Si substrate.14,16,17 Further, for epitaxial systems, there exists
a metastable cubic phase with a CsCl structure and an
occupation of Fe sites of 50%. When annealed, this structure
then transforms to the α- or the β-phase, which are also
observed in bulk materials.14,17 From this, it can be deduced
that FeGe2 forms a comparable phase with random occupation
of the Fe/vacancy sublattice.
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In this work, we present our in situ TEM study of the
disorder−order transition of FeGe2 to shed light on the
underlying strain and atomic diffusion-driven processes during
solid-phase epitaxy. The pre- and post-annealing states are
investigated with atomic resolution HAADF STEM and
energy-dispersive X-ray spectroscopy (EDX) to define the
initial and final structure in detail.

■ EXPERIMENTAL SECTION
For the present study, samples were prepared in a molecular
beam epitaxy (MBE) chamber. First, a 3 nm thin cubic Fe3Si
film is epitaxially grown on the GaAs (001) substrate. Last, an
amorphous (a-) Ge film with nominal 12 nm thickness is
deposited at RT inside the same growth chamber.20 Cross-
sectional specimens for in situ TEM investigations were then
prepared using a hybrid approach as described in a previous
work.13 In short, for this preparation technique, the sample is
first conventionally prepared by mechanical grinding, dimpling
and Ar+ ion milling. Afterward, a focused ion-beam (FIB)
device is utilized to cut out a thin part of the specimen and
transfer it to a MEMS in situ heating chip. This avoids the
common lamella preparation by FIB, which generally causes
surface damage to the TEM sample.21 The in situ TEM
investigations were performed with a JEOL 2100F field
emission microscope operating at an accelerating voltage of
200 kV. A double-tilt DENSSolutions Lightning D9+ holder is
applied with commercial Wildfire MEMS chips for temperature
control during the in situ TEM experiments. Before and after
annealing, samples were additionally investigated by STEM
and EDX spectroscopy in a Cs-aberration-corrected Jeol ARM
200F microscope operating at 200 kV. The experiments were
performed in a dark-field scanning mode with a beam
convergence acceptance angle of 68−280 mrad mainly
generating Z-contrast imaging conditions.
The in situ heating experiments were conducted by ramping

up the temperature from RT to 300 °C within 60 s and holding
it there for 60 min before cooling down to RT again for 60 s.

■ RESULTS AND DISCUSSION
Characterization of the Initial Structure. The initial

structure of the cross-sectional as-grown sample before
annealing is observed by atomically resolved HAADF STEM,
as depicted in Figure 1a. In this imaging mode, the contrast is
mainly determined by the atomic number and the local
thickness of the sample,22,23 enabling the discrimination of the
different material layers. Moreover, the crystalline material
observed along a zone axis results in a brighter contrast

compared to the corresponding amorphous material due to the
channeling effect.24 These imaging properties make it possible
to clearly distinguish the different compositions, structures,
and phases in the observed heterostructure.
In this regard, the lower part of Figure 1a shows the GaAs

wafer along the ⟨110⟩ zone axis, and the bright material in the
center corresponds to the epitaxially aligned Fe3Si quasi
substrate, and on top, the relatively dark area without
appearance of periodic lattice planes or crystalline nanoclusters
belongs to the a-Ge film. Fe3Si has the expected thickness of 3
nm and forms a coherent and morphologically abrupt interface
to the GaAs substrate including double atomic steps. Further,
the center of the Fe3Si film reflects the characteristic ordered
DO3 structure with darker spots for Si columns and a brighter
one for the heavier Fe.25 Toward the upper and lower
interfaces, the DO3 ordering becomes imperfect, and the
crystal structure changes to the less ordered B2-type, indicating
a disturbance in the ordering that is possibly caused by Fe
interdiffusion and vacancy generation.
The a-Ge film has a thickness of 7−8 nm, which is smaller

than the nominal value. It is remarkable that a thin layer of
already crystallized material is visible at the interface to the
Fe3Si. The exact structure of this partially crystallized part of
the film could not be determined due to the large remaining
disorder. Figure 1b shows an intensity line scan across the
interface at the location of the black arrow integrated over 20
atomic columns in combination with a magnified image of that
area. For the integration, only every second atomic plane is
considered to get a result that resembles a line scan across a
single atom row but with improved signal-to-noise ratio. Here,
each atom column can be clearly resolved as a separate peak
with an intensity dependent on the mass-thickness. The overall
intensity slope across the Fe3Si layer stems from thickness
variations of the TEM sample, but still the atom columns
containing Si, Fe, or a mix thereof at the interface regions can
be clearly distinguished (note the clear difference in contrast
between the Si and the Fe columns in the center of Fe3Si).
Atop Fe3Si, there is a continuous bright atomic layer with a
HAADF STEM intensity indicative for pure Ge (contrast
difference to Fe is similar to that between Fe and As on other
interface), and some more faint atomic planes are visible on
top with a spacing of 2.5−3.5 Å. The EDX line scan in Figure
1c shows the distribution of Fe, Si, and Ge along the
heterostructure. The black dashed lines indicate the location of
the original interfaces. In comparison to Si, Fe shows a strong
out-diffusion from the Fe3Si film. Especially toward the
crystallized part of the Ge-film (recognizable here from the

Figure 1. (a) HAADF STEM image of the sample before annealing. A 7−8 nm thick film of amorphous Ge is visible atop 3 nm of Fe3Si. At the
interface region, a thin film of disordered FeGe2 has already formed. (b) Integrated line scan along the black arrow, including only every 2nd atomic
plane. A magnified section of the image in (a) is depicted to the left. (c) EDX line scan showing the distribution of Fe, Ge, and Si across the
interfaces.
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bright contrast in the HAADF STEM to the left of the EDX
line scan), there is a significant amount of Fe. Apart from that,
no Fe signal is detectable in the still completely amorphous
part of the Ge. It can therefore be assumed to still be pure a-
Ge.
Crystallization and Disorder−Order Transition. In

order to initiate the crystallization and ordering process, the
sample is heated from RT to 300 °C within 1 min and kept at
this temperature. Figure 2a summarizes a sequence of HRTEM

images of this isothermal annealing experiment taken at
different times between 0 and 60 min after reaching the target
temperature. At the beginning of the in situ recording directly
after reaching 300 °C, a thin FeGe2 layer has already
crystallized at the Ge/Fe3Si interface, while the rest of Ge is
still in the amorphous state. This means that a heterogeneous
nucleation has taken place whereby the crystallized region
appears as thin, coherently grown epitaxial layer, with the
crystal structure showing no sign of the vacancy-ordered FeGe2
phase.
After 15 min of annealing, a large part of the Ge film has

transformed to the crystalline disordered FeGe2 phase. At the
same time, in the preexisting FeGe2 film near the interface to
Fe3Si, the occurrence of a periodic modulation in the HRTEM
contrast becomes visible (indicated by short black arrows in
Figure 2a), which is characteristic for the emergence of the
vacancy-ordered FeGe2 structure.

13 HAADF STEM images of
both phases are depicted in Figure 3. Due to the Z-contrast
and the much smaller surface sensitivity of HAADF STEM
compared to HRTEM, the ordered structure of the film

becomes clearly visible and the Fe/vacancy ordering can be
clearly distinguished by means of the periodically arranged
dark line contrast.
Within the next 15 min, the amorphous film has completely

crystallized. The remaining amorphous material near the
surface results from the epoxy adhesive. The ordered area of
the FeGe2 layer has also slowly expanded further in a layer-by-
layer-like manner. During the next 30 min, this process
continues until nearly the entire FeGe2 film is in the ordered
phase. The transformation front is marked by yellow dashed
lines in Figure 2a. The layer-by-layer nature of this disorder−
order transition indicates a higher in-plane than out-of-plane
transformation rate.
Figure 2b summarizes the results of the kinetics of the

amorphous-crystalline (blue triangles) as well as the disorder−
order phase transformations (black squares) by plotting the
thickness of the respective newly formed phases as a function
of time. In agreement to our previous observation,13 the
crystallization kinetics can be described by a square root time
behavior with high growth rate at the start. After about 30 min,
the amorphous phase is almost exhausted, and the thickness of
the crystallized layer remains constant. The small reduction in
thickness after around 30 min can be attributed to a
rearrangement of the front morphology by flattening the
sample surfaces toward extended (001) terraces.
There is a one unit cell reduction in thickness of Fe3Si

during the early crystallization of the a-Ge. This means that the
FeGe2 phase does grow not only into the a-Ge but also into the
Fe3Si quasi-substrate due to the interdiffusion of Fe and of Ge.
As a consequence, an additional FeGe2 layer is formed at the
interface. The second phase transformation, however, is not
obviously accompanied by a further Fe3Si thickness reduction.
Therefore, it can be concluded that no significant persistent
diffusion of Fe into the crystallized film is necessary for the
transition to the ordered structure. This fact is in agreement
with the assumption that the disordered phase has already the
FeGe2 stoichiometry.
On the other hand, the kinetics of the disorder−order phase

transformation show a much slower course compared to the
crystallization, except for the start of the annealing where the
precrystallized film rapidly changes to the ordered phase. This
transition continues after the crystallization process has
finished until only a few atomic layers without the ordered
structure remain after 60 min.

Resulting Structure. After the in situ annealing experi-
ment, that is, after cooling down to RT, the sample has been
further analyzed using HAADF STEM, as shown in Figure 4a.
Figure 4b shows a magnified section of FeGe2 next to a crystal
structure model to the left and an integrated line scan over the
area indicated with a black arrow in Figure 4a. According to

Figure 2. (a) Depicted images show snapshots of an in situ annealing
experiment at 300 °C. Image after just reaching the target
temperature, after 15 min, after 30 min, after 45 min, and after 60
min at 300 °C. The yellow dashed line indicates the transformation
front of the vacancy ordering and black arrows indicate the periodic
layers. (b) The thickness of the different transformed layers in the
center of the images is plotted against annealing time. Models
showing the atomic structure of the disordered and ordered phase are
depicted as inset in the plot.

Figure 3. HAADF STEM images of the (b) disordered and (c)
vacancy-ordered structure of FeGe2 observed in the [110] direction.
Colored dots indicate the atomic stacking order. Atomic models of
the (a) disordered and (d) ordered phase of FeGe2 observed in the
[110] direction.
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the layered tetragonal structure of FeGe2, there is a periodic
stacking sequence of Ge−Fe−Ge triple layers along the [001]
direction, followed by a vacancy layer with larger spacing. The
observed structure shows excellent agreement with the
structural model of the ordered tetragonal FeGe2 on the left
side of the figure.10 Additionally, the clearly distinguishable
peaks in the line scan can be attributed to positions of Ge (Z =
32), Fe (Z = 26), and vacancies. This makes it possible to
compare the lattice spacings of Ge layers across vacancy layers
and layers filled with Fe atoms. Here, we measure 0.25 ± 0.01
nm in the former and 0.29 ± 0.01 nm in the latter case. This
0.04 ± 0.02 nm difference in lattice plane spacing between
occupied and empty layers is slightly larger than the value
reported in ref 10 by a bit more than the error margin.
Possibly, this can be explained by a more complete ordering of
the Fe/vacancy sublattice in the present sample.
The interface between Fe3Si and FeGe2 is not perfectly

sharp due to interdiffusion, but along most of the interface, the
Fe3Si is capped with Ge followed by a vacancy layer and the
ordered FeGe2 (cf. model in Figure 4b). However, the first
vacancy layer need not necessarily be completely emptied of Fe
atoms, which can lead to shifts of half a unit cell in the stacking
order (see Figure 5). Further, there are some locations, where
the ordering of vacancies is disturbed, as depicted in Figure 5a,
which shows a HAADF image that is Fourier filtered to make
the vacancy ordering more directly visible. In the central part
of the image, the ordering process does not seem to have
occurred. Instead, Fe and vacancies randomly share the
sublattice, as depicted in the atomic model at the top of
Figure 5a. The difference between the center and the edges of
the depicted section becomes apparent when looking at the
intensity line scans along the red and blue arrow shown in
Figure 5a. While the blue line again shows the three distinct
intensity levels for vacancy, Fe and Ge atom columns the red
line varies only between two intensities, that is, Ge and Fe/
vacancy. Interestingly, these disordered sections reflect a
bulging. This demonstrates that the observed second phase
transition consists of more than just a rearrangement of the Fe
atoms and the vacancies. Due to the ordering in the Fe/
vacancy sublattice, the Ge lattice relaxes, respectively, from
equidistant (001) planes with a spacing of 0.28 ± 0.01 to 0.25
± 0.01 nm across vacancy layers and 0.29 ± 0.01 nm for Fe
filled layers. This means that the spacing of two subsequent
Ge-layers in the ordered structure is 0.02 nm smaller compared

to two layers of the disordered one. Due to the coherent nature
of the epitaxial interface, an effect on the in-plane lattice
spacing is not observed. However, due to the expected larger
lattice constant of the disordered crystal, the associated strain
could stimulate the phase transition if that reduced the
mismatch toward Fe3Si. This would explain why the trans-
formation starts at the interface. Further, the strain at the
interface region between the ordered and disordered region
could cause the much faster in-plane transformation rate,
resulting in the layer-by-layer-like transition.

Stacking Mismatch Boundaries. As already mentioned
before, there are some areas of the sample where there is Fe
already in between the first two Ge layers, while most of the
film starts with an empty layer after the first Ge. At the edge of
two of those domains, this can lead to a stacking mismatch
boundary (SMB) where the ordering between vacancy and Fe
layers is shifted by half a unit cell. One example of a region
with two closely spaced SMB is depicted in Figure 6a. It shows
a HAADF STEM image of the sample after annealing inside
the microscope. In the image, the position of vacancy layers is
highlighted by small black arrows and the approximate location
of the SMB is indicated with a red dashed line. To show this in
more detail, a magnified view of the area is depicted in Figure
6b, marked with a black dashed line in (a). Here, the location
of vacancy layers is again indicated by black arrows.
Additionally, the stacking of Ge and Fe layers is also indicated
by green and orange dots. Toward the sides of the image, the
Fe and vacancy layers can clearly be distinguished, and the iron
columns can be separately resolved. However, this is not the
case in the center of the image, where the stacking order
changes from one side to the other. This indicates that the
SMB is probably inclined with respect to the viewing direction,
and in the center, we see a projection through both domains.
This kind of defect is commonly observed in van der Waals

bonded layered materials. A similar structure was observed for

Figure 4. (a) HAADF STEM image of the TEM sample after in situ
annealing. The vacancy-ordered structure of FeGe2 is clearly visible.
Green and orange dots on the left side of the image indicate the
stacking of Fe and Ge. (b) Line scan across the interface at the
location of the black arrow in (a) in front of a magnified image
section. A magnified image section and a ball model of the ordered
tetragonal structure are depicted on the left with green balls for Ge,
orange for Fe, and blue for Si.

Figure 5. (a) Fourier filtered image, showing a small section of
disordered FeGe2 surrounded by the layered phase as indicated by
green and orange dots. Structural models showing the two phases are
shown as insets at the top. (b) Intensity line scans along the red and
blue arrows in (a). Black arrows indicate the position of Fe peaks.
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the bilayer defect in hexagonal Ge−Sb−Te-based materi-
als.26,27 However, in that case, this defect results from changes
in the stacking order, while for FeGe2, the step is generated at
the interface to the substrate, and the atomic layering is only
shifted by half a period across the boundary. Further, for
FeGe2, the defect repeats vertically at every vacancy layer
making it two dimensional rather than a one dimensional.
Comparison to Annealing inside the MBE. Notably, the

resultant ordered FeGe2 structure obtained by the in situ TEM
experiment is in excellent agreement with the structure
observed after performing the annealing in the MBE chamber
directly after deposition.10 It can therefore be assumed that the
diffusion processes during structure transformation observed in
situ were not severely influenced by the specimen preparation.
Especially, there seems to be little Ga implantation which is
also confirmed by EDX analysis. Further, the additional
surfaces do not change the strain state enough to prevent the
stabilization of the P4mm structure of FeGe2. However, it
could be observed that the crystallization process proceeded
faster in the sample regions exposed to the electron beam than
in those which are not illuminated while at 300 °C. There are
several possible ways in which the electron beam and the
sample can interact.28 In this case, most likely beam heating is
the main contributor as it can explain the slower trans-
formation rate without affecting the result. In total, the results
underline the viability of the hybrid sample preparation
approach for the high-resolution investigation of planar
heterostructures.

■ CONCLUSIONS
We successfully applied in situ TEM to directly observe the
disorder−order transition in the FeGe2 alloy grown by solid-
phase epitaxy on Fe3Si. It could be shown that the a-Ge first
crystallized to disordered FeGe2 under the influence of Fe
diffusion into the amorphous film and then transformed into
the vacancy-ordered FeGe2 phase with the P4mm space group.
This transition was observed to start at the Fe3Si interface and
transform the material layer by layer from bottom up. The
disorder−order transition was found to proceed much slower
than the crystallization. Further, we observed that the

disordered structure had a larger lattice spacing in growth
direction, which confirms that strain could promote the phase
transition. Comparison of the in situ TEM results with MBE-
annealed samples demonstrates that the hybrid preparation
approach yielded a high-quality sample with minimal
contamination and surface damage. Therefore, this hybrid
approach could help to apply in situ TEM to more atomic-level
investigations of planar heterostructures.
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