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Here, we report on atomic scale characterization of various
defects in a MoAIB (MAB) phase thin film grown by DC sputtering
at a synthesis temperature of 700 °C. Aberration-corrected scan-
ning transmission electron microscopy reveals the formation of an
intergrown metastable MoszAl,B, phase accompanied by thermally
stable 90° twist boundaries, coexisting within the pristine MoAlB
matrix. The concurrent formation of these structural defects in the
MoALB matrix can be rationalized based on minute differences in
formation enthalpies as shown via density functional theory calcu-
lations. The specific structural nature of both the twist boundary
and compositional defect (MozAl,B,) in a MoAIB matrix is hitherto
unreported in literature. Apart from these defects, faceted grain
boundaries are observed. In the vicinity of amorphous AlO,
regions, Al is deintercalated and a 2D MoB MBene phase is formed
as reported before. Besides these amorphous AlO, regions, a few
nanometer-sized 3D MoB clusters are found. The advancement of
aberration-corrected scanning transmission electron microscopy
significantly improves characterization from 1D to 3D defects
which is important for thin film materials design for the moderate
synthesis temperature range. The reported defects might play an
important role in the formation of 2D MoB MBenes.

1. Introduction

Layered ternary transition metal borides such as MAB phases,
where M is a transition metal, A a group III or VI element and
B is boron, are known as ceramic nanolaminates." A specific
class are Al-containing MAB phases which exist with several
variable chemical formulas, such as MAIB, M,AIB,, M;AIB,,
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Defects in an orthorhombic MoAIlB MAB phase thin
film grown at moderate synthesis temperaturet

® Jan-Ole Achenbach, (2°

*a,C

M,AIBg, and Mo,Al¢B,.>” Unlike two-dimensional (2D) materials,
where weak van der Waals interactions dominate the interlayer
bonding, metallic M-Al interactions and strong covalent/ionic
M-B bonds are present in MAB phases.”” Both the ortho-
rhombic and hexagonal MoAIB MAB phases with an equistoi-
chiometric 1:1:1 composition are potential candidates for
various applications such as protective coatings®’ and battery
electrodes.*®*™" This is due to their good corrosion resis-
tance,'” high temperature stability,'>'* and excellent electrical
and thermal conductivities'* etc. Typically, MoAIB MAB phases
are synthesized at high temperatures of ~1000-1400 °C in bulk
form.*®%1>71¢ gynthesizing orthorhombic MoAIB material at
lower/moderate temperature is important for many industrial
applications and at the same time challenging due to growth
kinetics. Achenbach et al. reduced the growth temperature
by 42% compared to the reported values and successfully
synthesized a crystalline orthorhombic phase by direct
current (DC) magnetron sputtering.” Recently, Evertz et al.
established that by adopting growth conditions that enable
both surface and bulk diffusion, fully dense MoAIB coatings
are grown." It is well known that plasma-assisted thin film
deposition methods often lead to the formation of metastable
phases,'®'® including a large number of defects of different
dimensionalities."®"*?%%3

In the present work, we study various defects with different
dimensionalities in an orthorhombic MoAIB MAB phase thin
film grown at 700 °C by DC magnetron sputtering, using a
combined experimental and computational approach. In con-
trast to the work of Achenbach et al.,” a compound target was
used for the deposition.>* The defects are characterized by
different (scanning) transmission electron microscopy (S)TEM
techniques including electron energy loss spectroscopy (EELS).
The experiments reveal the presence of several defects, such as
faceted grain boundaries, planar twist boundaries (TB), 3D
intergrown compositional defects (CD) and amorphous clus-
ters. The experimental findings can be correlated to the results
of density functional theory (DFT) calculations, which predict
comparable formation energies for the different defect types.

This journal is © The Royal Society of Chemistry 2022
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Furthermore, the formation of MBene was observed in close
vicinity of these defects, as reported earlier.**

2. Experimental

The MoAIB thin film was deposited using a single MoAIB com-
pound target (from Plansee Composite materials GmbH,
Germany) by DC magnetron sputtering, as described in detail
in our previous work.”* The growth temperature was 700 °C
and a single crystal Al,O; (0001) was used as substrate. The
final thickness of the coating was around ~3 pm as measured
on cross-sectional TEM micrographs (Fig. 1a). The average
chemical composition ratios determined by time-of-flight
energy elastic recoil detection analysis (ERDA) were Mo/Al =
0.96 and Mo/B = 0.85,>* indicating close-to-equistoichiometric
composition.

Aberration-corrected STEM was conducted on a
ThermoFisher probe-corrected Titan Themis while bright field
imaging and selected area diffraction (SAD) were performed on
an image-corrected Titan Themis. Both instruments were set
at an accelerating voltage of 300 kV. Cross-sectional and plan
view TEM samples were prepared and thinned down below
35 nm by conventional mechanical polishing and Ar ion
milling in Gatan PIPS. A convergence angle of 23.8 mrad was
chosen for high resolution STEM. A range of 10-16, 18-34, and
78-200 mrad was set as a collection angle for annular bright
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Fig.1 (a) Overview TEM micrograph of the MoAIB thin film cross
section, showing a columnar growth with the long axis inclined to the
substrate. (b) Cross-sectional bright field TEM micrograph revealing
various defects, ranging from planar defects to 3D clusters, marked by
red, white and black arrows. (c) Plan view HAADF STEM image of twist
boundaries marked by white arrows. (d) SAD pattern of orthorhombic
phase taken along [001] zone axis.
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field (ABF), annular dark field (ADF) and high-angle annular
dark field (HAADF) imaging, respectively. The EELS data were
collected at 1 eV energy resolution measured from the full
width at half maxima (FWHM) of the zero-loss peak. The spectra
were acquired with a 2.5 nm aperture at an energy dispersion of
0.10 eV per channel. The microscope was equipped with a Bruker
SuperX detector for energy-dispersive X-ray spectroscopy (EDX)
analysis. The X-ray diffraction patterns were acquired with a
Bruker D8 discovery general area detector diffraction system
(GADDS) (Bruker, Billerica, MA, USA) using Cu(Ka) radiation.

3. Density functional theory

Energies of formation were obtained from density functional
theory (DFT) calculations using the Vienna ab initio
Simulation Package (VASP, version 5.4.4, University of Vienna,
Austria).>> " Projector-augmented waves (PAW)*® with a cut-off
energy of 500 eV were used for basis set representation, with
electron exchange and correlation treated via the generalized
gradient approximation-based functional parametrized by
Perdew, Burke and Ernzerhof (PBE).>° The Monkhorst-Pack
method®® was employed to handle Brillouin zone integration,
utilizing a smearing parameter of 0.15 eV and choosing a I
point-centered k-mesh of varying dimensions (depending on
system size) to guarantee energetic convergence in each case.
The valence electron configurations of the individual species
as described in the utilized PAW potentials were 55'4d’4p®4s>
for Mo, 3s*3p" for Al and 2s*2p" for B.

The initial structural model for MoAIB was taken from lit-
erature®" and fully optimized with respect to lattice parameters
and atomic positions. As a subsequent energetic comparison
of spin-polarized (ferromagnetic) and nonmagnetic MoAIB
yielded identical results and zero magnetic moments for all
atoms in the system in the spin-polarized case, spin polariz-
ation was not considered for any further calculations.

The defect-containing systems were modelled based on the
experimental observations discussed in this work, with the
goal of closely replicating the structural morphology of the
defect in question, employing supercells. The resulting struc-
tural models, which were then fully optimized, are described
in more detail in the discussion section. In the case of MoB,
the previously optimized MoAIB structural model served as the
starting point, with subsequent removal of the Al layer and full
structural optimization.

The energy of formation in the ground state was obtained
from the difference of the total energy of the system in ques-
tion and the sum of the total energies of the corresponding
elements in their ground states (body-centered cubic Mo, face-
centered cubic Al, rhombohedral B), normalized to one mole:

Ef = EO,DFT(MOXAlyBZ) - (XE()?DFT(MO) +yE0,DFT(Al)
=+ ZEO,DFT(B))

As all calculations were performed in the ground state at
0 K, we assume, neglecting pressure contributions, that AH¢
(0 K) ~ AE; (0 K).
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4. Results and discussion

Growth kinetics and energetics may induce several types of
defects which can be used to design materials with specific
properties, as discussed in prior literature."®'® The overall
microstructure of the as-deposited MoAIB thin film is dis-
played in Fig. 1(a) and is characteristic for columnar growth.
Some seed crystals with a size of 10 to 30 nm are located at the
film-substrate interface and are overgrown by columnar grains.
Most of these elongated grains grow slightly inclined to the
substrate normal (Fig. 1(b)). Their largest facet is typically par-
allel to the (020) plane and the longest axis parallel to the [100]
direction, as depicted from the SAD pattern (Fig. (1d)). The
SAD pattern also confirms that the MoAIB matrix possesses an
orthorhombic crystal structure with lattice parameters in
accordance with literature values (a = 3.18 A, b = 14.12 A and
¢ = 3.12 A).” This is in agreement with X-ray diffraction data
(ESI, Fig. S11).

Several defects are visible within the grains ranging from
planar defects to 3D clusters (Fig. 1(b)). Two defects dominate:
twist boundaries (TB) (marked with white arrows in Fig. 1(b)
and (c)) and a novel, metastable compositional defect (CD)
(red arrow in Fig. 1(b)). The domain width separated by the TB
ranges up to 6 nm while the CD has a width less than 1 nm.

Before discussing the defects in detail, it is worth mention-
ing that two impurity phases are observed by STEM EDX,
marked by white and yellow arrows in Fig. 2. This observation
is consistent with our previous investigation of a MoAIB film
deposited using two sputter targets.” These impurity phases
are Al- or O-rich and have an area fraction of 4.5% and 2%,
respectively, while the remaining matrix regions are close to
the ideal stoichiometric ratio in composition.>® We also
observe formation of amorphous AlO, in the impurity regions,

2 um

Fig. 2 (a)-(d) Cross-sectional HAADF STEM image of the film and
corresponding EDX maps of Mo, Al and O. Al- and O-rich areas are
marked by white arrows in (c) and (d). Representative areas of AlO, are
marked by yellow arrows in (d).
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identified by yellow arrows in Fig. 2(d). The amorphous oxide
is likely formed during synthesis due to incorporation of
residual gases present within the sputtering chamber.>” In a
recent work, we reported the concurrent formation of a MoAIB
MAB phase and local two-dimensional MoB MBene in the
vicinity of the AlO, region.> The areal fraction of MoB MBene
areas compared to all other impurity phases is <1% and the
typical size of the amorphous AlO, region, where the MBene is
formed, is ~10x12 nm?>* Basically, a three-component hetero-
structure consisting of MoAIB, MoB MBene and amorphous
AlO, was identified, which indicated Al deintercalation from
MoAIB.*!

In the present work, the planar film defects were studied in
detail by aberration-corrected high-resolution STEM imaging
(Fig. 3(a)-(d)). A HAADF STEM image is shown in Fig. 3(a)
where the brightest atomic columns are Mo columns and the
dark grey ones are Al, as the intensity is roughly proportional
to 7z, where Z is the atomic number.*® The atomic arrange-
ment in the ab plane is seen along the [001] viewing direc-
tion of the pristine MoAIB: Mo-Mo dumbbells of parallel
orientation extend along [100] in defect-free MoAIB (marked
with a yellow arrow) within the Mo,B, subunits, which are in
turn separated by two Al layers along [010]. An additional Mo
layer is found in the CD type (black arrow) and in-plane
zigzag Mo-Mo stacking is observed at the TB (white arrow).
Al deintercalation or a local off-stochiometric composition
may cause the formation of CD. The fact that TB defects
form frequently within a grain is illustrated in Fig. 3(d). As
seen in this figure, the TB domains can have different width.
The smallest width of the TB domain is half of the lattice
parameter b, which is ~7 A for the MoAIB, while the other
one in the displayed region has a width of around ~29 A.
The domains separate regions with different orientations.
Fast Fourier transforms (FFTs) from the pristine area (zone
axis [001]) and the larger TB domain (zone axis [100]) are
given in Fig. 3(e) and (f). Thus, the defects are indeed 90°
TB, where the individual domains extend along the [010]
direction, but one is aligned along [100] and the other along
[001]. More regions from different grains, showing TBs with
a width from less than a nanometer to maximum 6 nm are
depicted in Fig. S2 (ESIf). Such nanometer-sized domains
were also reported in Cr,AlB,** but were not observed in
MOoAIB until now. As in Cr,AlB,, the smallest width of a TB
domain is half of the lattice parameter b. In accordance with
Lu et al® we refer to them as nanosized TB defects
(Fig. 3(a)).

As compared to HAADF STEM imaging, the intensity is pro-
portional to Z' in annular bright field images.* Thus, it can
be used for detection of the light B atoms. Fig. 3(b) depicts the
in-plane atomic positions of B atoms (green dots) in the CD,
as evident from ABF STEM, and compares it with the corres-
ponding positions in the pristine structure. The CD compo-
sition is thus identified as MosAl,B, by simple atom counting
in the HAADF and ABF STEM images. Sample tilt*° is a well-
known issue in ABF STEM imaging, hindering accurate
location of light atoms inside a crystal, as picometer-level pre-

This journal is © The Royal Society of Chemistry 2022
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(a) High magnification HAADF STEM image showing a twist grain boundary (TB) (white arrow) and a MozAl,B, compositional defect (CD)

(black arrow) within pristine MoAlLB (yellow arrow). Here and in the following throughout the text, violet, blue and green colors represent Mo, Al, and
B atomic columns, respectively. (b) Corresponding ABF STEM image comparing B positions in the TB, MozAl,B4 and the pristine MAB. (c) Local phase
analysis depicting MozAl,B, in pristine MoAIB. (d) TB boundaries separating domains with one and four units width (white bracket), respectively. The
FFT of the pristine region and the three-units-wide twisted domain is shown in (e) and (f). (g, h and i) Schematic drawings of the atomistic structural
models of pristine MoAIB, TB, CD, respectively. Except for TB, all structures are shown along the [001] zone axis, a and b represent the crystallo-
graphic direction. The TB separates domains with [001] and [100] orientation.

cision would require other techniques such as integrated
differential phase contrast (iDPC) STEM imaging.’”
Nevertheless, ABF STEM imaging can be used to assign the B
position while taking a larger error into account. In addition,
the B K edge transitions in STEM EELS data are considered
here as proof that B is present, as discussed below.

Combined high-resolution HAADF STEM micrographs and
geometrical phase analysis (GPA)*® yield quantitative maps of
the local Mo-Mo interplanar spacing differences of the
Mo;Al,B,-like CD, compared to the Mo-Mo interplanar
spacing of pristine MoAIB (Fig. 3(c)). Herein, the map is calcu-
lated from the interplanar spacing differences, obtained by
comparing the reference lattice (pristine MoAIB) — marked in
the yellow square in Fig. 3(c) — with the rest of the image pre-
sented in Fig. 3(c).*® The color scale corresponds to the upper
and lower limit of the total relative interplanar spacing differ-
ence; additional components of the relative interplanar
spacing difference tensor (g,,) are given in the ESI (Fig. S37).
The in-plane Mo-Mo spacing map reveals a lattice spacing in
Mo;Al,B, that is up to 11% larger compared to pristine MoAIB.

This journal is © The Royal Society of Chemistry 2022

Interestingly, we observed MoB MBene formation in the vicin-
ity of CD located close to the grain boundaries.** At this stage
of research it is too early to claim that MosAl,B, acts as a pre-
cursor for 2D MoB synthesis, but further investigations are cur-
rently ongoing to verify this.

Schematic models of the projected atomic columns in pris-
tine MoAIB, the TB as well as the CD are displayed in Fig. 3(g)-
(i). They were used as input to construct structural models for
the DFT calculations, from which the ground-state enthalpies
of formation were determined. The obtained values are shown
in Fig. 4. The enthalpies of formation of pristine MoAIB
(Fig. 3(g)), an isolated TB in a MoAIB supercell (Fig. 3(h)) and
an isolated region of a model Mo 1,5AIB; 55 phase (corres-
ponding in morphology to the CD) in a MoAIB supercell
(Fig. 3(i)) are relatively close to each other, as shown in Fig. 4.
This is particularly true for MoAIB and the model
Mo, 1,5A1B, ,5 phase, which was calculated using an atomic
arrangement identical to that of the CD, but off-stoichiometric,
due to supercell size feasibility. In addition, the energy of for-
mation of the 2D MBene discussed in our previous study>! has

Nanoscale, 2022, 14, 2578-2585 | 2581
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Fig. 4 Enthalpies of formation AH; at the ground state (T = 0 K) from
density functional theory calculations for pristine MoAlB, an isolated TB
defect, an isolated analogue for the compositional defect (CD), both in a
MOoAIB supercell, and MoB. The left Y-axis shows the absolute values in
eV per atom, the right Y-axis gives the difference to the energetically
most favourable system, pristine MoAIB, indicated by the dashed line at
0eV.
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also been calculated, and is lying roughly between those of the
TB and CD defects.

It is evident from the right axis in Fig. 4 that the highest
difference in AH; is approximately 0.18 eV per atom (for the
model TB defect), whereas the minuscule enthalpic difference
between the CD and the pristine phase is <0.01 eV per atom. It is
well known that during magnetron sputtering,®® the magnitude
of the energetic barriers predicted here can readily be overcome.
Hence, the concurrent formation of all defect phases observed is
expected in additon to pristine MoAIB. This assessment is based
on predictions and the experimental verification of other ioni-
cally-covalently bonded sputtered thin film materials.*

Apart from the TB and CD, we frequently observed faceted
grain boundaries, with a facet length of up to a few nano-
meters. An example is given in Fig. 5, where one grain is
oriented in the [001] zone axis and the other is oriented out of
the zone axis. The corresponding line profile from a HAADF
STEM image (Fig. 5(a)) shows a Mo deficiency (intensity from
Mo; and Moy atomic columns) at the grain boundary in

- Siugjt-'l'a.
FEZ

=,
=
&,
>
B
§Z)
=
38
=) .
= —— Twist boundary
Mo,ALB,
Facetted step
Pristine
T T T T 1
180 200 220 240 260
Energy Loss (eV)

Fig. 5 Simultaneously acquired (a) HAADF, (b) ADF and (c) ABF STEM images of a grain boundary region with one grain viewed along the [001]
orientation. A 3D cluster defect is visible within the grain, marked by a white arrow. Yellow arrows indicate missing Mo atomic columns. (b) Atomic
positions of both Mo and Al are marked in the ADF STEM image near the faceted region at the grain boundary. (c) B positions near the 3D cluster
and at the faceted grain boundary are marked by green dots. (d) Line profile from the HAADF image, showing atomic intensity of Mo, (white) and
Moy, (red) columns. (e) STEM EELS spectra showing B K edge, with the main peaks labelled by A, B, C. In addition, the Mo M4 s and Ar L, 5 edges are
assigned. Images (a)—(c) without color dots are available in ESI (Fig. S7+) for comparison purposes.
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Fig. 5(d). Simultaneously, HAADF, ABF and ADF imaging on
the same area of interest provides better visualization with
respect to heavy, medium and light atoms. The stair-like
atomic arrangement from Mo to B is marked at the grain
boundary. The ADF STEM image in Fig. 5(b) shows that the
adjacent bilayers of Al positions seem unaffected. Boron posi-
tions were analyzed with the help of ABF STEM images and we
found that B planes are sandwiched between Mo, while the Al
double layers are unchanged (Fig. 5(c)). The grains along [001]
end with ‘stair’ structures. More examples from other grains
are available in the ESI (Fig. S47).

We also observed 3D nanosized clusters in the grain
interior (Fig. 5(a)-(c)). A lattice distortion in the vicinity of
these clusters is clearly visible by inverse fast Fourier trans-
formation (IFFT) (available in the ESI, Fig. S51) and at a dis-
tance of approximately 2 nm from the cluster the distortion
disappears. The atomic arrangement of each element in the
vicinity of such 3D clusters is visualized by representative color
dots in the ABF STEM micrograph (Fig. 5(c)). Deintercalation
of Al from the double layer to a single layer is marked by a
blue arrow and the shrinkage of the Mo-Mo bond by a black
arrow in the ABF STEM image. At this point, the interplanar
Mo-Mo distance (white dotted line in Fig. 5(a)) is shortened by
5-6% compared to the pristine MoAIB region. A HAADF STEM
image and corresponding line profile, showing the presence of
an Al single layer in the vicinity of a 3D cluster, are available in
the ESI (Fig. S67). Similar 3D cluster defects were observed in a
Mo,BC/Cr,AIC coating.***" They might be caused by the bom-
bardment with ions of the starting materials and Ar ions in
the DC magnetron sputtering chamber.

EELS studies were carried out on these various structural
defects to compare changes in their fine features with the pris-
tine MoAIB area in Fig. 5(e). In the depicted energy loss regime
in Fig. 5(e), the element-specific edges of B K (peak A, B, C)
and Mo M, s (marked by the red arrow) are present. The
energy-loss near-edge structure (ELNES) of the B K edge illus-
trates transitions from 1s to unoccupied n* states (sharp peak
A) and o* states (peak B) while peak C can be an effect of
plasmon contributions.**** The onset of the B K edge is
roughly identical for all defects, starting from 186.8 eV. A
minute splitting of peak A was noticed at the faceted grain
boundary structure. It is also well known in literature that the
B K edge is coordination-sensitive,* so closer investigation of
the changes of peak B and C here is warranted. The observed
changes in the fine structure of peaks B and C distinguish
local electronic states of the structural defect from those of the
pristine layer. As an example, the broader C peak seems to be
flattened in Mo3Al,B, Similar comparative spectral changes in
the Mo M, 5 bump (red arrow, around 234 eV) are observed in
this plot. Besides that, the film absorbed Ar, as evidenced by
the presence of the Ar L, ; edge around approx. 247 eV, signi-
fied by the black arrow. These minute changes in the fine
structural features demonstrate the strength of EELS as a
nanoscale electronic structure measurement method, where
no alternative technique exists in terms of simultaneous
imaging and spectroscopy at atomic length scale.

This journal is © The Royal Society of Chemistry 2022
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5. Conclusions

In summary, we demonstrate that various previously unre-
ported structural defects forming in an orthorhombic MoAIB
matrix at moderate temperature were identified by advanced
STEM imaging. A 90° twist boundary along with a newly
formed compositional defect (MozAl,B,) were observed.
Correlating aberration-corrected HR(S)TEM with GPA provides
a maximum 11% larger lattice plane of a newly formed
Mo;Al,B, MAB phase compared to pristine MoAIB. Formation
enthalpy differences from DFT between the defect phases and
the pristine MoAIB phase are minute and thus readily over-
come during sputtering. Hence, the concurrent phase for-
mation of TB, CD and MoB, observed by a combination of
advanced imaging techniques, is consistent with ab initio pre-
dictions. Apart from 2D twist boundaries and 3D compo-
sitional defects, 3D amorphous clusters were observed.
Overall, the analysis demonstrated how the correlation
between advanced imaging techniques such as HAADF, ADF
and ABF STEM allowed us to identify the above mentioned
defect phases. The nature of these structural defects may have
a strong impact on the feasibility of Al deintercalation and for-
mation of 2D MoB MBene.
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