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Abstract Aberration correction in the scanning trans-
mission electron microscope combined with electron
energy loss spectroscopy allows simultaneous mapping of
the structure, the chemistry and even the electronic prop-
erties of materials in one single experiment with spatial
resolutions of the order of one Angstrém. Here the authors
will apply these techniques to the characterization of epi-
taxial Fe/MgO/(001)Ge and interfaces with possible
applications for tunneling junctions, and the authors will
show that epitaxial MgO films can be grown on a (001)Ge
substrates by molecular beam epitaxy and how it is pos-
sible to map the chemistry of interfaces with atomic
resolution.

Introduction

Epitaxial growth of insulator oxides on semiconductors con-
stitutes a key issue within the field of electronics, and a con-
siderably large effort has been devoted to harness the growth
of high-k oxides on Si. Ge, due to its high electronic and hole
mobility, is a very interesting alternative as a potential sub-
strate for future high performance complementary metal—
oxide—semiconductor field-effect transistors. However, a
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major issue is to avoid the high resistivity at the source and
drain contacts ensuing from the pinning of the Fermi level at
the valence-band maximum. It has been suggested that this
problem could be fixed by depositing a thin insulating tun-
neling barrier between the Ge substrate and the metal con-
tacts [1, 2]. In this case, single crystal epitaxy would
represent an additional benefit, since it would lead to a
reduction of interfacial defects and improved performance of
the tunneling barrier. MgO has been suggested to fulfill such
requisites. Furthermore, MgO has been demonstrated to be a
good substrate for epitaxial growth of transition metals thin
films, such as Fe and Co [3], thus avoiding the potential
problem of chemical reactivity with Ge. In such a scenario,
epitaxial deposition of high quality MgO films on Ge sub-
strates is highly desirable. But in addition, successful epi-
taxial growth of MgO on a semiconductor would also
constitute a plus for applications in spintronics, since the
injection of a spin polarized current from a ferromagnetic
electrode to a non-magnetic semiconductor requires the
presence of a potential barrier. MgO represents a convenient
choice because the symmetry filtering properties at the
interface with transition metals would allow an efficient spin
filtering effect [4]. For this approach to succeed, a suitable
semiconducting substrate where MgO can be grown epi-
taxially must be found. And again, while GaAs and Si have
been investigated for such role, Ge has not received much
attention so far [5].

In this study the authors report on the atomic resolution
characterization of high quality interfaces in Fe/MgO/
(001)Ge heterostructures. The study of the defects, the
inhomogeneities and the interface structure of such junc-
tions is a must to pave the way toward future applications.
For this aim, the combination of scanning transmission
electron microscopy (STEM) and electron energy loss
spectroscopy (EELS) is a most useful tool, since it allows
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these features to be probed with atomic resolution [6—11].
Spherical aberration correction in the STEM allows for
increased contrast, allowing even single atoms to be
detected both in imaging and spectroscopy [12, 13].

Experimental procedure

The samples used for this study were Fe/MgO/Ge hetero-
structures grown by molecular beam epitaxy (MBE) on Ge
substrates as reported elsewhere [14]. The optimal growth
conditions for achieving high quality heterostructures
consist in (i) room temperature (RT) growth of MgO fol-
lowed by post annealing at 500 °C in case of n-doped Ge
substrates and (ii) RT growth of Fe followed by annealing
at 200 °C. Specimens for STEM observations were pre-
pared by conventional thinning, grinding, dimpling and
Ar ion milling. The thin films were observed in a Nion
UltraSTEM column, operated at 100 kV, equipped with
fifth order Nion aberration corrector and a Gatan Enfina
EEL spectrometer.

Results and discussion

Figure la shows a low magnification annular dark field
(ADF) image of a Fe/MgO/Ge(n = 10'> cm™>) hetero-
structure. The MgO and Fe film thicknesses were 3 and
10 nm, respectively. A gold capping layer nominally 3 nm
thick was deposited to protect the sample against oxidation,
although in some parts of the STEM specimens the Au
capping was missing, such as the area in Fig. 1a The layers
are continuous over long lateral distances, as also shown in
Fig. 2a for a Fe/MgO/Ge(n + 10*° cm™>) heterostructure.
The heterostructure is epitaxial, although the interfaces
show some step disorder, Occasionally, steps one unit cell
high are observed, giving rise to some roughness. Fig-
ure 1b shows a high magnification ADF Z-contrast image
of the heterostructure down the [110] Ge projection. The
contrast in Z-contrast images is roughly proportional to Z>
(Z being the atomic number) so heavier atomic columns
can be easily distinguished from lighter ones. The thin
epitaxial bec Fe(001) film grows pseudomorphically on a
rocksalt MgO(001) substrate with the MgO rotated by 45°
with respect to the Fe and Ge lattices, i.e., Fe[100]/
MgO[110]/Ge[100] in the interface plane. This rotation
produces a misfit strain, which may be released by mis-
match dislocations [15]. Indeed, in agreement with previ-
ous studies [3], such dislocations are found every few nm
for both the Fe/MgO and the MgO/Ge interfaces, as shown
in Fig. 2b. The MgO/Ge interface is not perfectly coherent
although there is a clearly defined epitaxial relationship
between both materials. Regarding the detailed interface
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Fig. 1 a Low magnification ADF image (top) and simultaneous
bright field (bottom) images of the epitaxial Fe/MgO/Ge(001)
heterostructure showing continuous layers over lateral distances of
the order of 100 nm. b High resolution ADF image of the interfaces,
which preserve the orientation relationship but are not fully coherent.
A circle marks the position of a mismatch dislocation. ¢ Magnified
image of the Ge-MgO interface, showing a relatively good lattice
match. The Ge and the Mg—O columns are marked with big and small
circles, respectively

structure, one cannot tell from these images whether Mg or
O are sitting on top of Ge atoms (marked in red on the
image), since along this projection the Mg—O columns are
a projection including both kinds of atoms. The MgO
layers buckle a small angle away from the interface plane,
most likely to accommodate steps on the Ge surface.
EELS spectrum images with atomic resolution were
acquired in order to probe the compositional sharpness of
the Fe/MgO and the MgO/Ge interfaces. Figure 3a shows
an atomic resolution ADF image of the Fe/MgO/Ge het-
erostructure. The Nion UltraSTEM column is ideally suited
for EEL spectroscopic imaging at atomic resolution [16].
The box along the interfaces in Fig. 3a shows the spectrum
image region, with the simultaneously acquired ADF signal
is shown in the bottom panel. Some minor spatial drift in
the direction parallel to the interface is observed through
the spectrum image. The image is 29 x 100 pixels, and the
nominal acquisition time was 0.05 s per pixel. The probe
forming aperture had a semiangle of approximately
25 mrad. The collection angle at the spectrometer was
estimated to be 34 mrad. EEL spectra in the SI cover an
energy range from 400 to 1700 eV, roughly. Such a wide
energy range allows simultaneous acquisition of the most
important edges of interest for the system: O K, Fe L, 3, Ge
L, 3, and Mg L, 3, nominally around 530, 708, 1217, and
1305 eV, respectively. Elemental mapping is then possible
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Fig. 2 ADF images of a Fe/MgO/Ge(001) heterostructure grown on a
n* (10 cm™) doped Ge substrate. a Low magnification image
showing flat layers, continuous over long lateral distances. The
different layers (Au, Fe, MgO, and the Ge substrate) are labeled on
the image. b High resolution ADF image. The mismatch dislocations,
spaced a few nm, are marked on both the Ge-MgO and the MgO-Fe
interfaces

through a background subtraction and integration of the
intensity remaining under every absorption edge [17]. This
way, O, Fe, Ge, and Mg elemental maps were obtained,
shown in Fig. 3b from top to bottom, respectively. The
lowest panel of Fig. 3b shows the normalized integrated
intensities averaged over a window ten pixels wide parallel
to the interface direction for the four elemental maps.
Within noise, the elemental signals fall from 75 to 25%
intensity within one unit cell (roughly, half a nm) at both
interfaces, which would be consistent with the interfaces
being atomically sharp at least within the short lateral
length scale (nanometric) probed by this data set. This is
especially the case if one bears in mind that some electron
beam broadening is present due to dechanneling through
the sample thickness, which was estimated to be of 0.35
inelastic mean free paths from low loss measurements [18].
Even then, these results suggest that the Ge/MgO and the
MgO/Fe interfaces are sharp, chemically speaking. Some
residual intensity is measured within all the layers for some
of the elements from the neighboring materials. This might
be an artifact due to the presence of surface amorphous
layers after the ion milling. On a longer lateral length scale,
the interfaces are rough as shown by the z-contrast images.

Normalized integrated
itensity

Fig. 3 Spectrum image of the epitaxial Fe/MgO/Ge(001) hetero-
structure obtained across the interfaces. a High resolution ADF
image. A square marks the area where the spectrum image was
acquired, containing the two interfaces, using a nominal acquisition
time of 0.05 s per pixel. The bottom panel shows the ADF signal
acquired simultaneously with the spectrum image. Minor spatial drift
is present. b Chemical maps, after denoising with principal compo-
nent analysis. From top to bottom: O K edge map, Fe L, 3, Ge L, 5 and
Mg K maps. They all have been produced after background subtrac-
tion using apower law fit and integration of a 40 eV wide window.
Since the Mg K edge sits on the tail of the Ge L,; edge a second
window for the power law fit was placed a few hundred eV after the
edge onset. The bottom panel depicts the normalized integrated
intensities along the growth direction for the four elemental maps,
averaged over a window ten pixels wide in the direction parallel to the
intefaces. Each pixel is equal to 0.4 A

These undulations are, therefore, the result of physical
roughness or step disorder present at the interfaces, and are
mild enough that they do not seem to compromise the
layers integrity, so no pinholes were observed.

Along with the chemical quantification, EEL spectros-
copy allows extracting information about the electronic
structure, such as the Fe—O bonding or the Fe oxidation
state at different sites across the film. When Fe is oxidized
to form a Fe-O compound, the fine structure of the O K
edge exhibits a pre-peak feature at the O K onset [19]. Such
feature can therefore be used to establish whether there is
significant Fe oxidation through our Fe layers. Figure 4
summarizes the analysis of the fine structure of an EELS
linescan across one of our Fe/MgO/(001)Ge heterostruc-
tures with the Au capping missing. Such linescans are
recorded by acquiring EEL spectra while scanning the
electron beam along a line such as the one marked on
Fig. 4a. Figure 4b exhibits the EELS data for the whole
linescan. Figure 4c shows average EELS spectra from
different regions along the scan, after background sub-
traction using a power law. From bottom to top the spectra
correspond to the Ge substrate, the Ge/MgO interface, the
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Fig. 4 a Low magnification ADF image of a Fe/MgO/Ge(001)
heterostructure. The white arrow marks the region where an EELS
linescan was acquired with an acquisition time of 0.5 s per pixel.
b EELS linescan acquired along the white arrow in (a). The O
K edges and Fe L, 3 edges have been marked with black and white
arrows, respectively. ¢ Averaged EEL spectra resulting of adding five
individual spectra along the linescan, displaced vertically for
presentation purposes. The spectra correspond, from bottom to top,
to: the Ge substrate (/), the Ge/MgO interface (2), the middle of the
MgO layer (3), the MgO/Fe interface (4), the middle of the Fe layer
(5) and the surface of the Fe layer (6). A vertical dotted line marks the
O K pre-peak feature. d L,; ratio within the Fe layer, along
the direction marked with a white arrow in (a). The line is a guide to
the eye

MgO layer, the MgO/Fe interface, the Fe layer and the
surface of the Fe layer. Significant O is detected on
the surface of the Fe layer for this uncapped portion of the
sample, along with a significant O K pre-peak. These
findings proof that the surface Fe is strongly oxidized,
although it’s worth mentioning that such Fe oxidation was
not detected in EELS linescans from capped samples,
where the Au protected the Fe layer. Interestingly, even in
the case of lack of Au capping the O signal is practically
zero in the middle of the Fe layer, as shown in Fig. 4c. At
the Fe/MgO, the O signal increases due to the presence of
the oxide. A very minor pre-peak is observed, pointing to a
very low oxidation of Fe at this interface [20]. This finding
is consistent with the high crystalline quality and the
chemical sharpness reported above. No pre-peak is found
within the insulating MgO layer.

The actual oxidation state of Fe can be quantified from
the analysis of the fine structure of the Fe L, 3 edge. For
this aim, one of the most widely used methods is the cal-
culation of the intensity ratio between the L3 and L, peaks
[19, 21-23], known as the L, 3 ratio. The L edges in
transition metals show two characteristic peaks, L3 and L,,
that correspond to electron transitions from 2ps,, and 2p,,,
core levels to unoccupied states in the 3d bands,
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respectively, as well as the continuum. The variation on the
3d occupancy then gets reflected in the intensity of the Ls
and L, peaks. The intensity ratio of the L3 and L, lines of
the Fe L, ; edge has been obtained here using the method
described by Pearson/Egerton [17], which roughly means
to remove the background below the Fe L, ; edge using a
power fit and then remove the continuum contribution by
scaling a step-function (e.g., a Hartree-Slater cross section
function). For scaling purposes, it was used a 10 eV wide
window placed right after the L, line as suggested in ref-
erence [24]. Next, the remaining signal under the thus
corrected L; and L, lines was integrated within 10 eV wide
windows. The resulting intensity values were then used to
calculate the L, 3 intensity ratio, L, 3 = Ls/L,. Figure 4c
shows the fine structure of the Fe L, ; from the Fe layer at
different sites through the stacking, as described above.
The L, ; ratio calculated from the EELS data is shown in
Fig. 4d. The L, 5 ratio has a value of 3.3 within the Fe
layer, but increases to near 4.2 at the top surface.
According to previous reports, the L, 5 ratio increases with
the oxidation of iron [19]. Also, a chemical shift of the Fe
L; line a few eV towards higher energy is observed. Hence,
the Fe atoms near the surface show a higher oxidation state,
which is again consistent with the surface oxidation
denoted by the O K edge. Again, this result is not surprising
since no capping layer was present in this area of the
sample to prevent the Fe layer from oxidation. A small
increase of the L,; ratio is also noticed within the last
0.5 nm (i.e., a unit cell or two) close to the Fe/MgO
interface, but no noticeable chemical shift is observed.
These facts are consistent with a minor oxidation of Fe,
which is known to be critical to tunnel magnetoresistance
properties [25]. Such oxidation is consistent with the very
small O K pre-peak found, highlighting the high quality of
the transition metal-oxide interface.

Summary

In summary, the authors have shown that Z-contrast and
EELS imaging in the aberration corrected STEM provide
both a qualitative and also a quantitative characterization
of epitaxial Fe/MgO/(001)Ge heterostructures of interest
for applications in electronics and spintronics. ADF images
show that the layers in these heterostructures are relatively
flat and continuous over long lateral distances. The inter-
faces show some roughness in the form of steps, but they
don’t compromise the integrity or morphology of the lay-
ers. Interfacial defects such as mismatch dislocations are
observed. The interfaces are not perfectly coherent, but the
epitaxial relationship is preserved from layer to layer and
the overall crystal quality is good. Atomic resolution EEL
spectrum imaging allows the acquisition of elemental maps
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for O, Fe, Ge and Mg, all the elements of interest in this
system. These elemental maps are consistent with chemi-
cally sharp interfaces with no major chemical intermixing
and no secondary oxide phases formation at the Fe/MgO
interfaces. These results show that the epitaxial growth of
good quality Fe/MgO/(001)Ge heterostructures suitable for
tunneling contacts between a ferromagnet and a semicon-
ductor is, indeed, possible.
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