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a b s t r a c t 

Planar defect structures appearing in transition metal diboride (TMB 2 ) thin films, grown by different magnetron 
sputtering-deposition approaches over a wide compositional and elemental range, were systematically investi- 
gated. Atomically resolved scanning transmission electron microscopy (STEM) imaging, electron energy loss spec- 
troscopy (EELS) elemental mapping, and first principles calculations have been applied to elucidate the atomic 
structures of the observed defects. Two distinct types of antiphase boundary (APB) defects reside on the { 1 ̄1 00 } 
planes. These defects are without (named APB-1) or with (APB-2) local deviation from stoichiometry. APB-2 de- 
fects, in turn, appear in different variants. It is found that APB-2 defects are governed by the film’s composition, 
while APB-1 defects are endemic. The characteristic structures, interconnections, and circumstances leading to 
the formation of these APB-defects, together with their formation energies, are presented. 
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. Introduction 

Transition metal diborides (TMB 2 ) exhibit an appealing combina-
ion of functional properties that include high hardness, outstanding
hermal stability, low wear rate, and high electrical conductivity [1–7] .
his makes them suitable candidate materials in demanding applications
or extreme environments [8–13] . Although boride containing phases
ossess high structural diversity, the hexagonal AlB 2 crystal structure
 P 6/ mmm ) is the most common for TMB 2 . AlB 2 is characterized by a
exagonal structure in which close-packed layers of the TM atoms are
nterleaved by layers of boron (arranged in honeycombs) [ 14 , 15 ]. Many
MB 2 phases are known to be line compounds, that only form within
 composition ratio of TM:B composition ratio of 1:2. Minor deviations
rom the perfect stoichiometry leads to formation of secondary phases
nd/or segregation of excess elements, which is the most common mech-
nism for B-rich TMB 2 films [5–18] . Attempts to grow TM-rich films re-
ained a challenge for a long time, however, the recent success in the

ynthesis of such films has demonstrated that they, too, exhibit desirable
roperties like high hardness and oxidation resistance [19–26] . 

The presence of crystal imperfections in material structures plays
n important role for its physical properties which can significantly af-
ect the intended applications. The most common defects in thin films
nd coatings include point defects (impurities, vacancies) particularly in
VD sputtered films [27] . Additional defects include extended defects
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uch as line- (e.g., dislocations), planar- (e.g., stacking faults, antiphase
oundaries), and volumetric defects (inclusions) [28] . It has been re-
orted that TMB 2 films possess stacking faults [ 19 , 29 , 30 ], metal-rich
lanar defects [ 31 , 32 ], and inclusions [7] , while point defects have been
ddressed theoretically [ 33 , 34 ]. However, a systematic experimental
nd theoretical study to identify and systemize the types and atomic
rrangements of extended planar defects, throughout the compositional
nd elemental range, is yet to be undertaken. 

Driven by recent advances in synthesis of over- and understoichio-
etric TMB 2 films, it is essential to reveal and compare the atomic struc-

ure of formed structural defects, and by extension understand their
nfluence of the material properties for future tailoring of application
erformance. 

In this study, we employ advanced electron microscopy and theo-
etical methods to derive the atomic structure and chemistry of planar
efects in TM-based diboride films. The description of defects in films
hroughout a wide elemental and compositional range are based on ob-
ervations made in this manuscript and in previous investigations. Our
ollected findings have enabled us to identify the atomic configurations
f observed antiphase boundary (APB) defects. 

. Experimental 

The range of TMB 2 thin films were considered in terms of elemental
omposition (composition determination methods include Rutherford
rialia Inc. This is an open access article under the CC BY-NC-ND license 
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Table 1 

Summary of films considered in this study. 

Film Composition Synthesis Refs. Figs. 

B / TM > 2 CrB 2.10 RBS DCMS [20] 1a, 2a, S1a, S2, 
ZrB 2.40 ToF-ERDA DCMS/HiPIMS [29] - 
Ti 0.79 Al 0.21 B 2.70 XPS DCMS [35] S1b 
TiB 2.10 ToF-ERDA DCMS [ 30 , 36 ] S1c 
TiB 2.40 ToF-ERDA DCMS [37] - 

B/TM < 2 Zr 0.70 Ta 0.30 B 1.50 ToF-ERDA DCMS and HiPIMS [38] - 
CrB 1.90 RBS DCMS [20] 1c, 2c, 4, 6, S3c 
TiB 1.44 ToF-ERDA/RBS DCMS and HiPIMS [19] S3a 
TiB 1.90 RBS DCMS [31] 1b, 2b, S3b, S4, S5 
TiB 1.90 ToF-ERDA/RBS DCMS and HiPIMS [19] S1d 
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ackscattering Spectrometry (RBS), time-of-flight elastic recoil detec-
ion analysis (ToF-ERDA), or X-ray photoelectron spectroscopy (XPS))
nd synthesis method (direct-current magnetron sputtering (DCMS)
nd/or high-power-impulse-magnetron-sputtering (HiPIMS)) with cor-
esponding references are summarized in Table 1 . Films presented in
he manuscript include CrB 1.90 , CrB 2.10 , and TiB 1.90 [ 20 , 31 ]. 

For STEM analysis, plan-view samples were prepared by a combined
pproach that includes mechanical and ion sample treatments to achieve
lectron transparency, as described elsewhere [39] . 

The thin film sample microstructure and elemental distribution were
xplored at the atomic scale using high angle annular dark field STEM
HAADF-STEM), annular bright field (ABF-STEM) imaging, selective
rea electron diffraction (SAED), and electron energy-loss spectroscopy
EELS). Characterization was performed using the Linköping double Cs
orrected FEI Titan 3 60-300, operated at 300 kV. Atomically-resolved
AADF-STEM imaging was performed by using a 21.5 mrad conver-
ence semi-angle, which provided sub-Ångström resolution probes with
80 pA beam current. The HAADF-STEM images were recorded using

n angular detection range of 46–200 mrad. HAADF-STEM is a dark
eld (DF) imaging method where atomic columns appear bright (on a
ark background). The signal intensity of the atomic columns in HAADF-
TEM images are referred to as directly interpretable and proportional
o atomic number ( ∼Z 1.7 ) and sample thickness. While HAADF-STEM
maging is widely applied, light element detection is limited due to the
eak electron-scattering power of light elements [40] . 

In contrast, ABF-STEM imaging is a bright-field (BF) imaging method
here atomic columns appear dark (on a bright background) and en-
ble visualization of atomic columns from both relatively heavy (TMs,
tc.) and light (B, etc.) elements simultaneously, due to contribution
f lower-angle scattered electrons as compared to HAADF [41] . The
BF-STEM images were recorded using an angular detection range of
–21 mrad. 

STEM-EELS spectrum images of 30 ×50 pixels were acquired for 1
in using a 0.25 eV/channel energy dispersion, 0.2 s pixel dwell time,

nd a 55 mrad collection semi-angle of the employed Gatan Quantum
RS post-column imaging filter. Elemental B, Ti and Cr distribution
aps were extracted from the spectrum images by background subtrac-

ion, using a power law, and choosing characteristic edge energy loss
ntegration windows for B-K (188-208 eV), Ti-L 23 (455-470 eV), and
r-L 23 (575-590 eV). 

All first-principles calculations were performed by means of den-
ity functional theory (DFT) and the projector augmented wave method
 42 , 43 ], as implemented within the Vienna ab-initio simulation package
VASP) version 5.4.1 [44–46] . The generalized gradient approximation
GGA), as parameterized by Perdew–Burke–Ernzerhof (PBE) [47] , was
sed for treating the electron exchange and correlation effects. A plane-
ave energy cut-off of 400 eV was used and the Brillouin zone was

ntegrated by Monkhorst–Pack special k-point sampling with a density
f 0.1 Å− 1 [48] . The total energy is minimized through relaxation of
nit-cell shape, volume, and internal atomic positions until satisfying
n energy convergence of 10 − 7 eV/atom and force convergence of 10 − 2 

V/Å. 
2 
The thermodynamic stability has been investigated at 0 K with re-
pect to decomposition into any combination of competing phases. The
et of most competing phases at given composition, also known as
quilibrium simplex, is identified using a linear optimization procedure
 49 , 50 ]. The stability of a phase is quantified in terms of the formation
nthalpy ∆H cp by comparing its energy to the energy of the equilibrium
implex according to Eq. (1) 

𝐻 cp = 𝐸 

(
TM 𝐵 2− 𝑥 

)
− 𝐸 

(
equilibrium simplex 

)
. (1) 

A phase is concluded stable when ∆H cp < 0. 
In addition, the B vacancy formation energy expressed as energy

hange per defect created was calculated using to Eq. (2) 

𝐸 𝑣𝑎𝑐 = 

[
𝐸 

(
𝑇 𝑀 𝐵 2− 𝑥 

)
− 𝐸 

(
𝑇 𝑀 𝐵 2 

)
+ 𝑥𝐸 ( 𝐵 ) 

]
∕ 𝑥, (2)

here E(TMB 2-x ), E(TMB 2 ) and E(B) is the total energy per formula unit
or TMB 2-x , TMB 2 and B, respectively. 

. Results and discussion 

.1. Experimental results 

Independent of the deposition method, synthesized TMB 2 thin films
ypically exhibits a pronounced columnar growth along the [0001] di-
ection. This makes plan-view STEM investigations (along [0001]) the
referred choice due to ability to examine individual features (e.g.,
oundaries and defects) along their extension throughout the grown
lm without projection of overlapping grains. Plan-view STEM imag-

ng of the samples along [0001] was performed on the films summa-
ized in Table 1 . Overview images together with corresponding SAED
atterns (shown in the insets) from the highest crystal quality near-
toichiometric TMB 2 films: CrB 2.1 , TiB 1.9 , and CrB 1.9 are displayed in
ig. 1 a, 1 b, and 1 c, respectively. Those films are the main foci of this in-
estigation as they enabled detailed examination of individual extended
efects at the atomic scale. Matching plan-view STEM observations from
he other films, comprising a wide compositional and elemental range,
re shown in Figs. S1–S5 and in Refs. [ 29 , 37, 38 ]. 

Fig. 1 a shows the HAADF-STEM image of the overstoichiometric
rB 2.1 film containing dark contrast regions - up to 20 nanometers in di-
meter - corresponding to an average low-atomic number that indicate
-rich and Cr-deficient inclusions as confirmed by EELS and reported
lsewhere [20] . The excess boron segregation to these nanocolumnar
rain boundaries or formation of a B-rich amorphous tissue phase is a
ell-known phenomenon [5] . B-segregation was observed in all inves-

igated overstoichiometric TMB 2 films, see Fig S1. Otherwise, no other
pparent defects are visible at lower magnification in the CrB 2.1 film. 

Fig. 1 b and c show HAADF-STEM images of the understoichiometric
iB 1.9 and CrB 1.9 films, respectively. In both cases B-rich inclusion are
bsent in the films. The films, however, exhibit a range of planar defects
f different appearances which are visible as the bright contrast lines.
he planar defects are residing on the { 1 ̄1 00 } prismatic planes, in line
ith previous reports [ 20 , 31 ]. 
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Fig. 1. HAADF-STEM images showing the microstructure of (a) CrB 2.1 , (b) TiB 1.9 , and (c) CrB 1.9 , thin film along a plan-view [0001] zone axis. The insets show 

corresponding SAED patterns. 

Fig. 2. Atomically-resolved plan-view HAADF-HRSTEM images acquired from planar defects in (a) CrB 2.1 , (b) TiB 1.9 , and (c) CrB 1.9 , thin films. The planar defect 
arrangement is highlighted in the magnified lower images together with B, Ti, and Cr EELS elemental maps. 
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with no net increase or decrease in the number of atoms at the inter- 
The plan-view SAED patterns, shown as insets in Fig. 1 , accentuates
he high-crystal quality by the discrete hexagonal pattern, correspond-
ng to the AlB 2 crystal structure along the [0001] zone axis. 

Fig. 2 shows the atomically-resolved plan-view HAADF-STEM im-
ges and EELS elemental maps of characteristic planar defects in CrB 2.1 
 Fig. 2 a), TiB 1.9 ( Fig. 2 b), and CrB 1.9 ( Fig. 2 c), and highlighted by ar-
ows in the figures. Note that the contrast from the defects is distinctly
ifferent between the planar defects in the overstoichiometric sample
ompared to the understoichiometric samples. 

The investigated films ( Figs. 1 , 2 , S1–S5) contained various types of
niformly distributed planar defects, exhibiting atomically sharp con-
nements to the surrounding lattices confirming their planar nature
long the growth direction, with variation in appearance, configuration,
nd structure. All planar defects reside on the { 1 ̄1 00 } prismatic planes
f the AlB 2 crystal structure. 

The defects observed in this work can be classified according to
revious investigations [51–54] as antiphase boundaries (APB): Type
 (conservative APB-1) and Type 2 (non-conservative APB-2). APB-1 is
efined by a lattice translation in the boundary plane and there is no
et increase or decrease in the number of atoms at the interface (no
3 
ompositional change) as observed experimentally ( Fig. 2 a) and consid-
red theoretically ( Fig. 3 a). In contrast, APB-2 is defined by a lattice
ranslation in the boundary plane together with a net change in the
umber of atoms at the interface (compositional change). In addition,
PB-2 type boundaries can assume three different atomic arrangements
ut of which two were observed experimentally ( Fig. 2 b-c). All three
PB-2 were considered theoretically ( Fig. 3 b-d), which require intro-
uction and definition of APB-2 subtypes, referred as APB-2i, APB-2ii,
nd APB-2iii. 

According to their characteristic features, the experimentally ob-
erved defects were identified as APB-1 ( Fig. 2 a), APB-2i ( Fig. 2 b), and
PB-2ii ( Fig. 2 c), as defined below: 

APB-1: 
Fig. 2 a shows the presence of APB-1 defects distributed in CrB 2.1 

long the { 1 ̄1 00 } facets. The stacking sequence across APB-1 defects is
eaturing a half-unit cell (1/2)a[ 11 ̄2 0 ] parallel shift of the structure and
ith respect to adjacent regions, thus acting as a mirror plane when
iewed along [0001] in the otherwise ordered CrB 2 structure. APB-1
s a conservative APB, i.e., a lattice translation in the boundary plane
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Fig. 3. Schematic illustration of different APBs considered for TMB 2 with AlB 2 -type structure, with the translation vector (orange arrow) showing when passing the 
interface boundary. (a) APB-1 being conservative with no net change in composition at the interface and (b-d) APB-2 being non-conservative with a net change in 
the number of atoms at the interface. Red shaded area mark atoms in the ideal TMB 2 which are vacant in the corresponding APB-2 structures. 
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ace. This is corroborated by no compositional fluctuation observed in
he defect as evidenced from the EELS data. This type of defect is the
ost common planar defect, as observed throughout all here investi-

ated TMB 2 thin films, see Figs. S1–S3. This implies that the presence of
PB-1 defects is independent of transition metal, film composition, and
rowth method. Indeed, this type of defect, generally assigned as stack-
ng faults (SFs) or grown-in planar faults, were previously observed in
ome TM films [ 19 , 29 , 30 , 32 ] although without detail structural iden-
ification. Fast Fourier Transform (FFT) analysis shows the presence of
dge dislocations associated with accommodation of APB-1 defects in
igh crystal quality CrB 2.1 film (Fig. S2). It should be noted that the pres-
nce of APB-1 defects is not visible at low magnification STEM imaging
 Fig. 1 a), as such defects has no compositional change from surround-
ng, and lattice resolved imaging is required to resolve their stacking
 Fig. 2 a). 

APB-2i: 
Fig. 2 b shows the presence of APB-2i defects distributed in TiB 1.9 

long the { 1 ̄1 00 } facets in agreement with previous report [31] . APB-2i
efects are Ti-rich and B-deficient as evidenced from EELS maps. The
-deficiency in the defect region is consistent with a non-conservative
PB as defined by a lattice translation in the boundary plane and a net
hange in the number of atoms at the interface. The formation of TM-
ich APB-2i defects is associated to the accommodation of the lack of
-atomic planes in understoichiometric films causing lattice contraction
t the defect sites if compared to the surrounding lattice as visualized in
ig. S6. As mentioned above, HAADF-STEM image contrast is commonly
eferred to as directly interpretable Z contrast [40] . However, such in-
4 
erpretation of HAADF-HRSTEM image contrast can be problematic as
ne need to account for the complex electron-channelling phenomena
nside the structures [55] . The bright contrast from the APB-2i defects
s caused mainly by the compressively strained lattice at APB-2i defect
ites (see Fig. S6) resulting in additional intensity (to medium scatter-
ng angles) under the applied imaging conditions. To illustrate the APB-
i defect visibility dependence on the imaging conditions, a HAADF-
RSTEM camera length series was recorded and is shown in Fig. S7. As
an be seen, the bright contrast associated with the APB-2i defect can
e greatly reduced for short camera lengths (allowing only high scat-
ering angles) where the strain contribution is significantly decreased.
M-rich APB-2i defects were observed exclusively in understoichiomet-
ic TM diboride films as illustrated in Fig. S3. It should be noted that the
resence of APB-2i defects is visible already during low magnification
TEM imaging ( Fig. 1 b). 

APB-2ii: 
Fig. 2 c shows the side-by-side coexistence of APB-1 and APB-2i de-

ects (denoted as APB-2ii) distributed in CrB 1.9 . In agreement with the
escription above, the APB-2ii defects are Cr-rich and B-deficient on the
PB-2i defect side as evidenced from the corresponding EELS map. APB-
ii defects was only observed in understoichiometric TMB 2 , in agree-
ent with prerequisites of B-deficiency for the formation of APB-2 type
efects, as illustrated also for TiB 1.9 in Fig. S4. It should be noted that
he indications of combined APB-2ii defects are visible already during
ow magnification STEM imaging ( Fig. 1 c), however, atomic-resolution
TEM imaging is required to distinguish between APB-2i and combined
PB-2ii ( Fig. 2 b-c). 
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Fig. 4. Atomically-resolved plan-view images acquired from APB defects in (a) CrB 2.1 (ABF-HRSTEM), (b) TiB 1.9 (HAADF-HRSTEM), and (c) CrB 1.9 (HAADF- 
HRSTEM), thin films. Relaxed atomic structure models in top-view [0001] and side-view [ 1 ̄1 00 ] of corresponding APB defects in (d) CrB 2.1 , (e) TiB 1.9 , and (f) 
CrB 1.9 . (d-f) Corresponding relaxed atomic structure models in top-view [0001] and side-view [ 1 ̄1 00 ] of APB defects. 
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.2. Theoretical results 

To theoretically investigate the planar defects observed in Fig. 2 ,
tomic models of the APB defects were generated based on the experi-
ental observations. Various combinations of planar defects are consid-

red under relaxed conditions. 
Fig. 3 shows a schematic illustration of the different APBs considered

or TMB 2 and their relation to the ideal structure. APB-1 is characterized
y a crystal translation (1/2)a[ 11 ̄2 0 ] + (1/2)c[0001], shown in Fig. 3 a.
hree different APBs of type 2 (APB-2) have been considered, and they
re characterized by a crystal translation along (1/2)c[0001] combined
ith removal of a ( 1 ̄1 00 ) B-plane ( Fig. 3 b, denoted APB-2i), a crystal

ranslation along (1/2)a[ 11 ̄2 0 ] + (1/2)c[0001] combined with removal
f a ( 1 ̄1 00 ) B-plane ( Fig. 3 c, denoted APB-2ii) and a crystal translation
long (1/3)a[ 1 ̄1 00 ] combined with removal of a (0001) B-plane ( Fig. 3 d,
enoted APB-2iii). 

Fig. 4 shows direct comparison of the experimentally obtained ABF-
TEM ( Fig. 4 a) and HAADF-HRSTEM ( Fig. 4 b-c) images side-by-side
ith APB-1 ( Fig. 4 a), APB-2i ( Fig. 4 b) and APB-2ii ( Fig. 4 c) defects’
odel atomic structures. Note that the ABF-STEM image ( Fig. 4 a) pos-

ess BF contrast compared with the DF contrast in HAADF-HRSTEM im-
ges ( Fig. 4 b-c) as further detailed in experimental section. There is a
ood agreement between the HRSTEM images and the proposed atomic
tructure models of the APB defects. 

Even though we did not find experimental evidence for the APB-2iii
efect structure ( Fig. 3 d), it is included in our APB theoretical compar-
son ( Fig. 3 ), since it is the most favorable APB for some systems, like
rB 2 and HfB 2 (see Fig. 5 ). 

Fig. 5 shows the calculated formation enthalpy, ∆H cp , as function of
he antiphase boundary distance, here expressed as inverse (1/d), where
 value of zero represent infinite distance between the boundaries, i.e.,
deal TMB 2 . A phase is considered thermodynamically stable when ∆H cp 

 0. 
Hence, the stability presented in Fig. 5 demonstrate that the forma-

ion of an APB in many systems is energetically neutral as seen from
H cp being unchanged for various APB distances (see APB-2i for TiB 2 ,
B , NbB ). In some systems, the formation of APB is favorable as in-
2 2 

5 
icated by a decrease in ∆H cp , shown for APB-2i in TaB 2 . APB defects
as intentionally not investigated for CrB 2 since this phase is magnetic

56] and its magnetic nature requires modeling a range of magnetic
onfigurations at APB, which is beyond the scope of this work. 

It should be noted that APB-1, APB2-i and APB-2ii is closely related.
rom the results in Fig. 5 , it can be understood that the presence of
PB-2i and APB-2ii is one way for the system to accommodate understo-

chiometry. This stands in contrast to APB-1, which act as way to restore
he film planes to be coherent with other planes of the film. The combi-
ation, or simultaneous presence, of different APBs is demonstrated in
ig. 6 where three defects interconnect (see also Fig. S5). 

For APB defects to form interconnection(s) one needs to consider
he lattice shift along [0001] direction (along c-axis) across the APB
efects. This change is illustrated in Fig. 3 while observing the structures
n the side-view (along [ 1 ̄1 00 ]). For APB-1 and APB-2i the lattice shifts
y 1/2c across the defect, while for APB-2ii the lattice undergoes no
hift. This leads to several possible APB interconnections with 3- and
-way configurations as illustrated in Fig. 7 . 

An interconnection between various APBs configurations can be
aking 120 o ( Fig. 6 ) or 60 o ( Fig. 2 a,c) angles. 

. Conclusions 

Planar defects in TMB 2 thin films for a range of TMs at a varying sto-
chiometry (B/TM), from 1.4 to 2.7 were investigated through a combi-
ation of the advanced microscopy and theoretical modeling. Two kinds
f antiphase boundaries were identified; APB-1 is characterised by a lat-
ice translation in the boundary plane without compositional change,
hile APB-2 shows a lattice translation together with a compositional

hange. In addition, three subtypes of APB-2 defects were considered
heoretically, of different atomic configurations, and two of these were
bserved in experiments. It is concluded that APB-1 type defects appear
ndependently in all films, while APB-2 defects are only present in un-
erstoichometric films where their formation is promoted by an excess
f TM. The simulations revealed no constraints for APB defect formation
n TMB thin films and indicated their closely related atomic configura-
2 
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Fig. 5. Calculated formation enthalpy as function of the inverse antiphase boundary distance for six different TMB 2 phases considering conservative (APB-1) and 
non-conservative (APB-2) planar defects. 
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Fig. 6. The coexistence and accommodation of APB-1, APB-2i, and APB-2ii defects in the CrB 1.9 film. Inset shows the lattice shift along c-axis. 

Fig. 7. Schematic illustration of possible 3- and 2-way APB interconnection configurations depicted with 120 o angles. 
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ions. This was confirmed by observing the coexistence of various APB
efect interconnection configurations in TMB 2 thin films. 
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