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� First successful growth of epitaxial
CrBx/TiBy(0001) diboride
superlattices with periodicities
between 1.8 and 8.2 nm on
Al2O3(0001) substrates by magnetron
sputter epitaxy.

� CrBx/TiBy(0001) superlattices are
shown to have the potential for use as
neutron mirror applications.

� Stoichiometry of individual layers
plays a crucial role in defining the
superlattice structure.

� An increase in relative thickness of
under-stoichiometric CrBx enhances
the structural quality.
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Studies of single crystal artificial superlattices (SLs) of transition-metal (TM) diborides, which is instru-
mental to understand hardening mechanisms at nanoscale, is lacking. Here, CrBx/TiBy (0001) diboride
SLs [x,y 2 1.7–3.3] are grown epitaxially on Al2O3(0001) substrates by direct-current magnetron sputter
epitaxy. Growth conditions for obtaining well-defined SLs with good interface quality are found at 4
mTorr Ar pressure and 600 �C. 1-lm-thick SL films deposited with modulation periods K between 1
and 10 nm, and K = 6 nm SLs with TiBy-to-K layer thickness ratios C ranging from 0.2 to 0.8 are studied.
SLs with K = 6 nm and C in the range of 0.2–0.4, with a near stoichiometric B/TM ratio, exhibit the high-
est structural quality. The effects of C and stoichiometries (B/TM ratio) on the distribution of B in the SL
structures are discussed. By increasing the relative thickness of TiBy, the crystalline quality of SLs starts to
deteriorate due to B segregation in over-stoichiometric TiBy, resulting in narrow epitaxial SL columnar
growth with structurally-distorted B-rich boundaries. Moreover, increasing the relative thickness of
under-stoichiometric CrBx enhances the SL quality and hinders formation of B-rich boundaries. The SLs
are found to exhibit hardness values in the range of 29–34 GPa.

� 2023 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Synthetic superlattices (SLs), the term first introduced by Esaki
and Tsu in 1970 [1], are artificial periodic structures that consist of
alternate epitaxial nanolayers of different materials. Since first
introduced, the research in this field has been increasingly gaining
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interest, particularly for synthesizing nanoscale structures with
electronic, magnetic, optical, and mechanical properties that can-
not be obtained in the natural form of crystals. Among other mate-
rials, the synthesis and microstructure of transition metal (TM = Sc,
Ti, V, Cr, Mn, Fe, Y, Zr, Nb, Mo, Hf, Ta) nitride and carbide SLs have
been widely studied [2–7] for applications involving mechanical
[8–11], optical [12], piezoelectric [13], thermoelectric [14,15],
and thermal conductivity [16,17] properties.

However, SLs research on TM diborides is an unexplored area
despite extensive studies over the last decades on monolithic TM
diboride films showing high mechanical strength [18–20], tribo-
logical properties [21–23], oxidation and corrosion resistance
[24,25], relatively low electrical resistivity [26–29], and high ther-
mal and chemical stability [27,30,31]. Here, we address the epitax-
ial synthesis of TM diboride (CrBx and TiBy) SLs on Al2O3(0001)
substrates grown in pure Ar atmosphere, using magnetron sputter
epitaxy (MSE) which was proven for growth of single crystal SLs
e.g., ScN/CrN and ScAlN/InAlN [12,13]. Magnetron sputter deposi-
tion is the most commonly used synthesis technique for TM dibor-
ide thin films [32–36]. This material system is chosen due to the
same crystal structure and similar in-plane lattice parameters of
CrB2 (a = 2.973 Å and c = 3.0709 Å) and TiB2 (a = 3.0303 Å and
c = 3.2295 Å), resulting in a lattice mismatch of 1.92 % along the
a-axis. Thanks to the prospects of achieving the ultimate flat and
abrupt interfaces (±½ atomic layer) between CrBx and TiBy, which
exhibit a large difference in scattering cross section for neutrons,
such SLs may have great potential to be used as a novel design
for highly efficient interference neutron mirrors at large-scale neu-
tron facilities. Thus, for this application, the ability to obtain single
crystal SLs of high quality and abrupt interfaces needs to be
studied.

Sputter-deposited CrBx and TiBy, typically crystallize in a hexag-
onal AlB2 structure, where B atoms form graphite-like honeycomb
sheets between hexagonal-close-packed TM layers [37]. The above
mentioned excellent properties of TM diborides are attributed to
the dual ceramic/metallic nature of their bonds; metallic bonding
between TM atoms results in good electrical and thermal conduc-
tivities [27,30,31], while strong combined covalent/ionic bonding
between TM and B atoms together with the covalent bonding
within the honeycomb B sheets provide high melting point and
hardness [38–40]. However, sputter deposited TiBy films usually
contain excess B with y ranging from 2.4 to 3.5 [41–43] due to dif-
ferences between sputter-ejected target constituents, where sput-
tered B atoms are preferentially ejected along the target surface
normal, while sputtered Ti atoms have a wider angular ejection
distribution with a relatively higher off-normal flux [44]. On the
other hand, previous studies showed that group VI TM diborides
including CrBx are under-stoichiometric; however, the reasons
for such growth of diboride systems are not fully understood
[36,45]. For diboride SL synthesis, one can thus expect for chal-
lenges: i) fewer possibilities to grow heteroepitaxy from two mate-
rials with hexagonal crystal structures in comparison with two
cubic structures, ii) incompatible growth conditions for the con-
stituent materials, iii) difficulties in achieving layer-by-layer
growth mode, and iv) strong segregation tendency of excess B.

To fill the current knowledge gap, we present a detailed study
on the synthesis and characterization of CrBx/TiBy SLs by direct
current MSE for a range of thickness ratios C = 0.2–0.8 and modu-
lation periods K = 1–10 nm at 600 �C. The effects of the thickness
ratio C and the stoichiometry (B/TM ratio) of the CrBx and TiBy lay-
ers on the B distribution in the SL structures were carefully inves-
tigated. We demonstrate that by increasing the relative thickness
of TiBy, the crystalline quality of SLs starts to deteriorate due to
the B segregation in the over-stoichiometric TiBy layers, resulting
in narrow epitaxial SL columnar growth with structurally distorted
B-rich boundaries. An increase in the relative thickness of under-
2

stoichiometric CrBx on the other hand, enhances the SL quality
and hinders the formation of B-rich boundaries.
2. Experimental details

0001-Oriented CrBx/TiBy superlattices (SLs) were grown in a
direct current MSE system equipped with two magnetrons of
7.5 cm diameter, which were mounted in a confocal geometry at
the top of the chamber with a tilt angle of 25� to the substrate nor-
mal. Stoichiometric CrB2 and TiB2 compound targets (99.9% purity)
were used. Polished Al2O3(0001) substrates, 1.0 � 1.0 cm2, were
chemically cleaned sequentially in trichloroethylene, acetone,
and isopropanol, and then blown dry with pure nitrogen before
inserting the substrates into the deposition chamber. All substrates
were pre-heated in vacuum at 900 �C for 45 min in order to pro-
duce a clean well-ordered surface prior to deposition. The base
pressure in the chamber was 3 � 10-7 Torr.

The substrates were mounted on a substrate table positioned
under the magnetrons, spinning at a constant rate of 17 rpm in
order to ensure good lateral thickness uniformity of the deposited
layers. The target-to-substrate distance was 12 cm. A negative bias
voltage of 30 V was applied to the substrate to attract a high flux of
low-energy gas ions from the plasma, and by using a solenoid sur-
rounding the substrate and choosing the right direction of current,
the magnetic field from each magnetron was coupled to the mag-
netic field of the solenoid [46]. The solenoid current of ± 5 A was
utilized here. Both magnetrons were running continuously during
the deposition, and fast computer-controlled shutters with a high
timing accuracy better than 100 ms were used in front of each tar-
get to obtain the desired layer thicknesses.

The plasma discharges were established with constant-current
power supplies, and discharge currents of 0.2 A and 0.35 A were
used for CrB2 and TiB2 targets, respectively. This yielded CrBx and
TiBy deposition rates of about 0.061 and 0.066 nm/s, respectively.
The deposition rates (rA,B) were determined by synthesizing two
periodic SLs i = 1 and 2 with different deposition times (tA,B) for
each target material A and B. The SLs modulation periods Ʌi were
then calculated from the positions of the Bragg-peaks in the low-
angle X-ray reflectivity patterns. The deposition rates for each
material (here rCrBx and rTiBy) were extracted by solving simultane-
ous linear equations,Ki = tAirA + tBirB for CrBx and TiBy, respectively
[47].

X-ray diffraction (XRD) h-2h and x rocking curve scans were
performed using a PANalytical EMPYREAN diffractometer
equipped with a Cu X-ray tube, operating at 45 kV and 40 mA.
The microstructure and local composition were studied with trans-
mission electron microscopy (TEM) using the Linköping double-
corrected FEI Titan3 60–300 microscope, operated at 300 kV, utiliz-
ing scanning TEM high angle annular dark field (HAADF-STEM)
imaging, electron diffraction (ED), and electron energy loss spec-
troscopy (EELS). HAADF-STEM imaging was done by utilizing a
21.5 mrad convergence semi-angle, which enables sub-Ångström
resolution and � 90 pA beam current probes. The HAADF-STEM
images were recorded using an angular detection range of 88–
200 mrad. Cross-sectional TEM sample preparation was done using
combined mechanical polishing and ion-beam milling methods.
Plan-view TEM samples were prepared by conventional cutting
and cleaving followed by a gentle focused ion beam (FIB) milling
to electron transparency [48].

Time-of-flight elastic recoil detection analysis (ToF-ERDA) was
used to determine the elemental composition of the films in a tan-
dem accelerator with a 36 MeV127 I8+ probe beam incident at 67.5�
with respect to the sample surface normal and the recoils detected
at an angle of 45� [49]. Hardness and elastic modulus of the SLs
were determined by nanoindentation using an Ultra-Micro Inden-



Fig. 1. XRD h-2h scans for 0.3-lm-thick CrB1.72 and TiB3.30 single layers deposited at
T = 600 �C and PAr = 4 mTorr.
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tation System with a Berkovich diamond tip calibrated with a
fused-silica standard sample. The load P was increased from 3 to
27 mN at increments of 0.5 mN, and the Oliver and Pharr method
[50] was used for analyzing the results. Indents to depths � 10 % of
the film thickness were excluded in the analyses and the reported
hardness values are the average of the remaining data, typically 15
indents per sample.

In order to optimize the growth pressure and temperature, the
CrBx/TiBy SLs with a modulation period of K = 4 nm and N = 30
bilayers were synthesized at various sputtering gas pressures,
PAr = 3, 4, and 5 mTorr and substrate temperatures ranging from
400 �C to 800 �C with 100 �C intervals. The comparison of FWHM
and intensity of SL peaks, and the number of high order SL reflec-
tions in the h-2h XRD profiles (Figs. S1 and S2 in supplementary)
show a better quality for the films grown at PAr = 4 mTorr and
T = 600 �C and therefore, these settings of substrate temperature
and pressure were kept constant for the rest of the depositions.

First series of SLs containing 50 number of bilayers N = 50 with
nominal modulation period K = 6 nm were synthesized for a range

of layer thickness ratios C = DTiBy
K = 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, and 0.8.

In the second series, the SLs with C = 0.3 were deposited with
modulation periods K = 1.0, 1.8, 5.3, 6.8, and 8.2 nm and varying
the number of bilayers to reach a total thickness of 1 lm. As refer-
ences, 0.3-lm-thick single layers of epitaxial CrBx and TiBy were
deposited on Al2O3(0001) substrates using the same conditions
as for the SLs growth. The deposited SL samples are summarized
in Table 1.

The in-plane lattice spacing was measured using the intensity
line profile function in the Digital Micrograph software from the
cross-sectional lattice-resolved HAADF-STEM image of the SL with
C = 0.3 and Ʌ = 5.3 nm (shown in Fig. 8 (d)). For the analysis,
almost two bilayers were measured near the substrate from the
4th atomic layer to the 44th atomic layer by drawing a line profile
and selecting 10 atomic distances at each monolayer. The average
is the in-plane lattice parameter for that atomic layer. For higher
precision, several areas at each monolayer were selected and mea-
sured. One example of the line profile showing the distance
between 10 atomic layers is shown in Fig. S3 in supplementary.
Similarly, the in-plane lattice spacings were measured for CrB1.72

and TiB3.30 single layers as references. The lattice spacing values
are relative with respect to the single layer references since no cal-
ibration was made to scale the Digital Micrograph.
3. Results and discussion

ToF-ERDA compositional analysis shows the B/TM ratio in CrBx

and TiBy single layers, with a thickness of 0.3 lm, is 1.72 and 3.30,
respectively. This implies that CrB1.72 is under-stoichiometric,
while TiB3.30 is highly over-stoichiometric with respect to B. The
total concentration of O, C, and N is � 1.8 at. %.

Fig. 1 shows the XRD h-2h patterns of the CrB1.72 and TiB3.30 sin-
gle layers. The CrB1.72 film has a higher out-of-plane crystalline
quality than the TiB3.30 film as its 000l peaks have comparatively

higher intensity. The XRD pattern of TiB3.30 also exhibits a 101
�
1

peak representing a competitive growth for crystallographic
orientation.
Table 1
Deposited superlattice samples with different modulation periods and thickness ratios.

Total Thickness (lm) 0.3

Modulation Period K (nm) 6.0

Thickness ratio C =DTiBy
K

0.2 0.3 0.4 0.5 0.6

3

The higher crystalline quality of CrB1.72 single layer is confirmed
by cross-sectional and plan-view HAADF-STEM micrographs in
Fig. 2. The cross-sectional micrograph of the CrB1.72 thin film in
Fig. 2(a) shows a highly oriented columnar growth, where the col-
umn boundaries appear dark. The plan-view STEM micrograph in
Fig. 2(b) shows that the columns have an average width of
20 ± 5 nm. The lattice-resolved plan-view micrograph, Fig. 2(c),
reveals that the dark domain boundaries are not continuous
between the columns, but they are rather formed at the inter-
columnar junction (triple-point) of more than two columns. The
inset in Fig. 2(c) shows a color-coded Cr-L23 (red) and B-K (green)
EELS map of one of the triple points indicating that these dark junc-
tions are highly Cr and B deficient. In addition, O EELS maps (not
shown) indicate that these regions are O rich, proving the forma-
tion of porosities along the column boundaries of CrB1.72. A similar
under-dense nanostructure was reported for Ti1-xSixN thin films
grown at 550 �C by direct current magnetron sputtering [51],
which is attributed to shadowing in combination with a limited
ad-atom diffusivity during growth.

The cross-sectional micrograph of TiB3.30 in Fig. 2(d) shows a
columnar film growth mode with lattice distortion in both in-
plane and out-of-plane directions. The corresponding low-
magnification and lattice-resolved plan-view micrographs in
Fig. 2(e) and 2(f) show about 2–5 nm size crystalline domains
(bright contrast) embedded in a matrix of a low-density element.
Here, the color-coded Ti-L23 (blue) and B-K (green) EELS map, inset
in Fig. 2(f), indicates that the excess B in TiB3.30 segregates at the
column boundaries resulting in the formation of an amorphous
B-rich tissue phase, which is a typical nanostructure of diboride
thin films grown by magnetron sputtering [20,52,53].

Overall, the CrB1.72 thin film exhibits a higher tendency to the
epitaxial growth with larger domains compared to TiB3.30, in which
the excess B in the column boundaries results in narrower columns
and more lattice distortion.
1

1.0 1.8 5.3 6.8 8.2

0.7 0.8 0.3



Fig. 2. HAADF-STEM micrographs of CrB1.72 (a, b, c) and TiB3.30 (d, e, f): (a and d) Low-magnification cross-sectional, (b and e) plan-view, and (c and f) lattice-resolved plan-
view micrographs. The inset in (c) shows overlayered EELS map of Cr-L23 (red) and B-K (green) in CrB1.72. The inset in (f) shows EELS map of Ti-L23 (blue) and B-K (green) in
TiB3.30. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 3. Average B/TM ratio as a function of layer thickness ratio C for CrBx/TiBy

superlattices with modulation periodK = 6 nm and number of bilayers N = 50.C = 0
and C = 1 correspond to CrB1.72 and TiB3.30 single layers, respectively.
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Fig. 3 shows the average B/metal ratios of the single layers and
C series SLs determined from the ToF-ERDA analyses as a function
of the relative thickness of TiBy. The B/TM ratio increases by
increasing C from 2.04 for C = 0.2 to 2.98 for C = 0.8, which is con-
sistent with the increasing fraction of over-stoichiometric TiBy in
the SLs. The SLs with C = 0.2 and 0.3 are in average close-to-
stoichiometry with an overall B/TM ratio of 2.04 and 2.18,
respectively.

Fig. 4 shows the h-2h XRD scans of C-series from 2h = 40-68�
covering the 0002 Bragg-peak of CrBx/TiBy SLs with a nominal peri-
odicity of K = 6 nm. The 0002-peak positions of the reference sin-
gle layers are marked with dashed-dotted and dashed lines for
CrB1.72 and TiB3.30, respectively. The XRD shows that by increasing
the relative thickness of the TiBy layers, the CrBx/TiBy 0002 Bragg-
peak (marked by * in Fig. 4) shifts toward the 0002-peak position of
TiB3.30, while the intensities of the 0002 Bragg-peaks and the SL
satellites decrease. As C increases, there is also a general peak
broadening and a reduced number of satellite peaks. Similar obser-
vations were made around the 0001 Bragg-peak (not shown).
Moreover, as C exceeds 0.5, a peak corresponding to CrBx/TiBy

101
�
1 appears, and its intensity increases with further increased

TiBy relative layer thickness. All these trends with increasing C
indicate that the crystalline quality in the out-of-plane (0002)
direction becomes lower and interfaces become less well-defined
as the relative thickness of TiBy increases in the SLs. The higher
out-of-plane structural quality for the SLs with smaller C (thicker
CrBx layers) can be associated to the higher crystalline quality
achieved for CrB1.72 on Al2O3(0001), compared to TiB3.30, as
observed for the 0.3-lm-thick single layers grown under similar
conditions.
4

The effect of stoichiometry in terms of B distribution in under-
stoichiometric CrBx/ over-stoichiometric TiBy SLs, was investigated
with structural analyses using HAADF-STEM imaging and EELS
recorded for SL with C = 0.3 and K = 5.3 nm. The lattice-resolved
STEM micrograph in Fig. 5(a) shows an epitaxially grown CrBx



Fig. 4. XRD h-2h scans for CrBx/TiBy superlattices with different thickness ratio
C = 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, and 0.8 deposited at T = 600 �C and PAr = 4 mTorr.
Modulation period K = 6 nm and number of bilayers N = 50 were kept constant for
all ratios. The peak corresponding to the average 0002 lattice parameter for each
superlattice is marked by (*).

Fig. 5. (a) HAADF-STEM of CrBx/TiBy superlattices with modulation period
K = 5.3 nm and C = 0.3, (b) Cr, Ti, and B (EELS) maps from a similar neighboring
area.
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(bright)/TiBy (dark) SL structure for � 7 bilayers in the growth
direction. Both layers are seen to grow heteroepitaxial onto each
other with the same crystallographic orientations TiBy(0001)||

CrBx(0001), TiBy[1 2
�
10]|| CrBx[1 2

�
10]. The layer registry in the lat-

eral direction; however, seems to be repeatedly interrupted by the
aggregation of low-Z element B during the growth of the TiBy lay-
ers. Typically, each subsequent CrBx layer evens the growth surface
(no remaining B segregation), but locally aggregated B interconnect
through both layer compounds and appear as low-Z rich bead-
string-like columns in the growth direction. The EELS map in
Fig. 5(b), showing Cr (red), Ti (blue), and B (green) distribution in
the SL, confirms that the low-density columns interrupting the lat-
eral layer growth are B-rich. From the STEMmicrograph, it appears
that these B-rich regions are comparatively wider in the TiBy layers
compared to CrBx layers. The segregation of B in these over-
stoichiometric TiBy SL layers is similar to the one observed in the
TiB3.30 single layer. The elemental analysis of CrB1.72 film on the
other hand shows no indication of B segregation in Fig. 2(c). Thus,
diffusion of B into the CrBx layers emerges from the TiBy layers. As
will be shown in Fig. 8, the better epitaxy and higher structural
quality of SLs with smaller values of C are obtained by relatively
thinner over-stoichiometric TiBy layers with smaller B-rich regions
and high-quality under-stoichiometric CrBx thicker layers.

The average 0002 plane spacing obtained for single layers and
C-series is plotted in Fig. 6(a). Independent of layer thickness ratio,
all SLs exhibit smaller average out-of-plane lattice spacing, in the
order of 10-2 Å. i.e. 0.0175 ± 0.0055 Å, compared to the arithmetic
average.
5

For instance, for C = 0.5, one expects to see the SL peak in the
middle of the 0002 peak positions of the TiB3.30 and CrB1.72 single
layers in Fig. 4, whereas it is 0.31� shifted towards higher 2h. This
shift becomes increasingly pronounced for larger C. This indicates
that increasing the relative thickness of TiBy affects the average lat-
tice spacing of the SLs. The excess B in the TiBy layers may cause
such a deviation in case some extra B is incorporated into the CrBx

layers.
To elucidate the reason to the above noted change in lattice

spacing, we measured the in-plane lattice spacing using the inten-
sity profile function in the Digital Micrograph software. Fig. 6(b)
shows periodic profile with minima at the center of CrBx layers
and maxima at the center of TiBy layers. Along with the interface
width effects, the periodic profile infers to a degree of relaxation
in the layers. The plateau including data for 5–7 atomic layers at
the maxima in the TiBy layers indicates that even for C = 0.3 (the
thickness of TiBy is about 7 atomic layers), TiBy is fully relaxed,
probably due to the B segregation into the layers. Whereas, a grad-
ual change in the in-plane lattice spacing for the CrBx layers and a
narrow plateau indicates that CrBx is a strained layer in the SL.
Comparing the Young modulus E of CrB2 and TiB2, which are 380
GPa and 550 GPa at T = 600 �C respectively [54], also confirms that
CrB2 is the more strained layer by having a smaller Young modulus.
Thus, with increasing C, the epitaxial CrBx layers are gradually
more affected to accommodate the TiBy lattice spacing. This will
lower the average out-of-plane lattice spacing as observed in
Fig. 6(a).

Fig. 6(b) also shows that the minimum and maximum values of
the in-plane lattice constants in the SL for CrBx and TiBy, respec-
tively, are larger than those of the corresponding single layers.
Considering the Poisson effect, this trend is consistent with a
decreased average out-of-plane lattice spacing for intermediate
C, as observed in Fig. 6(a).



Fig. 6. (a) Average out-of-plane lattice spacing as a function of layer thickness ratio, C, for CrBx/TiBy superlattices with modulation period K = 6 nm and number of bilayers
N = 50 measured from XRD scans, (b) In-plane lattice spacing as a function of layer number for about 2 bilayers N = 2 in SL withC = 0.3 andK = 5.3 nmmeasured from lattice-
resolved HAADF-STEM using the intensity line profile function in Digital Micrograph software. Red (bottom) and blue (top) lines show the average in-plane lattice spacing for
the CrB1.72 and TiB3.30 single layers, respectively.
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Fig. 7(a) shows XRD h-2h scans of the CrBx/TiBy films deposited
with constant thickness ratio C = 0.3 and periodicities of Ʌ = 1 nm,
1.8 nm, 5.3 nm, 6.8 nm, and 8.2 nm for a total thickness of 1 lm.

For Ʌ = 1 nm, only CrBx/TiBy 0002 and 101
�
1 hkl Bragg-peaks, while

no SL satellite reflections, indicative of SL growth, are observed. For
Ʌ = 1.8 nm, first order SL satellite reflections, prominent around the
CrBx/TiBy 0002 Bragg-peak (marked by *), appear. Higher order SL
satellites, up to ± 3, can be seen for the larger periods Ʌ = 5.3, 6.8
and 8.2 nm. Increasing the periodicity up to Ʌ = 5.3 nm, narrowing
the CrBx/TiBy Bragg-peaks as well as increasing the visible orders of
surrounding SL satellites indicate an increasingly well-ordered SL
structure, while for larger periods, suppressed and broadened
Bragg-peaks and satellites prove a structural deterioration. The

appearance of CrBx/TiBy 101
�
1 SL satellites for the larger modula-

tion periods Ʌ = 6.8 and 8.2 nm show that SLs evolve with an addi-

tional compositional modulation in the [101
�
1] direction. No 101

�
1

Bragg-peaks are observed up to 50 bilayers, as determined from
XRD of a set of SLs deposited using similar conditions and design
Fig. 7. (a) XRD h-2h scans for CrBx/TiBy superlattices with different modulation periods K
T = 600 �C and PAr = 4 mTorr. (b) FWHM of the CrB1.72/TiB3.30 0001 Bragg-peaks as a fun

6

parameters except that the total number of bilayers in the SLs
was kept to 50 (supplementary material, Fig. S4). Thus, the nucle-

ation of 101
�
1-oriented structures appear after growth of a larger

number of bilayers.
The comparison of the 1-lm-thick films thus reveals that Ʌ =

5.3 nm is the optimum periodicity for CrBx/TiBy SLs, since this peri-
odicity maintains the crystalline quality high by depositing 170
bilayers. This is also confirmed when comparing Ʌ versus FWHMs
obtained from the rocking curve analyses of the CrBx/TiBy 0001
Bragg-peaks, as shown in Fig. 7(b), where a minimum FWHM is
obtained for K = 5.3 nm, proving the highest crystalline quality.

Low-magnification HAADF-STEM and their corresponding
lattice-resolved micrographs of SLs with modulation period K = 8
.2 nm, 5.3 nm, and 1 nm are illustrated in Fig. 8(a, c, e) and 8(b,
d, f), respectively, where dark layers correspond to TiBy while
bright layers correspond to CrBx. Fig. 8(a) and 8(b) reveal atomi-
cally abrupt layer interfaces with epitaxy between the layers,
where the epitaxial domains extend laterally over tens of nanome-
ters. Darker regions marked with arrows are B-rich tissue phases
= 1, 1.8, 5.3, 6.8, and 8.2 nm with C = 0.3 and total thickness of 1 lm deposited at
ction of the modulation period K for t = 1 lm superlattices.



Fig. 8. Low-magnification cross-sectional HAADF-STEM micrographs of CrBx/TiBy superlattices with modulation periods (a) K = 8.2 nm, (c) 5.3 nm, and (e) 1 nm. Lattice-
resolved cross-sectional HAADF-STEM micrographs of superlattices with modulation periods (b) K = 8.2 nm, (d) 5.3 nm, and (f) 1 nm. In the inset in (c), IP denotes in-plane
and GD denotes growth direction and the diffraction pattern of the Al2O3 substrate is shown by red hexagons. The selected area electron diffraction pattern in the inset (e)
was acquired from the middle of the film. Note extra wide single layer in (c) is due to unintentional drop out of TiBy deposition during three periods following which the SL
growth mode is recovered. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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and are observed dominantly in TiBy layers. The reason for having
more B segregation in TiBy compared to CrBx is attributed to the
over-stoichiometric nature of TiBy. The B segregation inside the
layers generates the feather-like structure with increasing film
thickness.

In Fig. 8(c) low-magnification STEM for K = 5.3 nm shows that
for about 20 first bilayers (N = 20), interfaces are flat and sharp;
however, dark B-rich columns start to grow from the very first lay-
ers with slightly different orientations, which results in the feather
growth. On the left side of the micrograph, the feather growth
starts already in first layers. In the lattice-resolved STEM of K = 5
7

.3 nm in Fig. 8(d), the epitaxial growth of TiBy on CrBx along the
0001 direction close to the substrate can be clearly seen, and this
confirms the epitaxial growth and high crystalline quality of K =
5.3 nm. From selected area electron diffraction (inset in Fig. 8(c)),
the epitaxial relationships are determined to be TiBy(0001)||

CrBx(0001)|| Al2O3(0001), TiBy[12
�
10] ||CrBx[1 2

�
10]|| Al2O3[0 3

�
30].

Fig. 8(e) shows a dense nano columnar structure in the growth
direction for K = 1 nm. The non-homogeneous contrast indicates
elemental segregation in the film. In the corresponding lattice-
resolved STEM in Fig. 8(f), 3–10 nm wide highly 0001 oriented col-
umns can be seen where the darker columns (one of them marked



Fig. 9. Nanoindentation hardness H as a function of modulation period K for 1 lm
CrBx/TiBy superlattices with K = 1, 1.8, 5.3, 6.8, and 8.2 nm, with thickness ratio
C = 0.3 deposited at T = 600 �C and PAr = 4 mTorr. Red (bottom) and blue (top)
dashed lines show the hardness of CrB1.72 and TiB3.30 single layers, respectively.
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in the micrograph) are B-rich regions. The contrast modulations of
the lattice fringes are assigned to Moiré effects of overlapping col-
umns in the microscope viewing direction. For this film, with K =
1 nm, any layered structure could not be determined which is in
agreement with the XRD result of having no SL reflections for this
wavelength and a polycrystalline structure (inset Fig. 8(e)).

The main difference between K = 1 nm and K = 5.3 and 8.2 nm
samples is that the columns are straight, and that no feather struc-
ture forms in samples of 1 nm modulation period. STEM analysis
indicates more pronounced columns and B segregation by reducing
the modulation period, which can be related to decreasing the
thickness of CrBx and TiBy in each bilayer and also over-
stoichiometric TiBy. It seems that when the CrBx layer thickness
becomes larger (K = 8.2 nm), excess B from the over-
stoichiometric TiBy layer does not extend through the neighboring
CrBx layers, see Fig. 8(b). As the thickness of CrBx (and TiBy)
decreases, the B segregation in TiBy layers promotes the formation
of columns.

The hardness values of 1-lm SLs with various periodicities are
shown in Fig. 9. Hardness is substantial, beginning at 29 GPa for
K = 1 and, increasing with modulation period up to 34 GPa until
relaxing to just below 31 GPa at K = 8 nm, which is between the
hardness of CrB1.72 (26 ± 0.6 GPa) and TiB3.30 (36 ± 0.7 GPa) single
layers. The reason for having lower hardness at K = 1 nm is
expected due to effective inter-layer alloying that reduces the
energy barrier for dislocation glide across the heterostructure
interfaces, as reported for nitride SLs [55]. In addition, the observed
fiber texture structure in that period is expected to reduce the
hardness compared to SL structures with single crystalline layers
at larger periods. Considering the interface roughness and lattices
mismatch between the substrate and constituent materials (� 37
%) which both can suppress the hardness, these results are promis-
ing and can be expected to be improved extensively by engineering
the interfaces, reducing the interface roughness, as well as a more
lattice matched substrate.

4. Conclusions

High structural quality heteroepitaxial CrBx(0001)/TiBy(0001)
superlattices (SLs) with TiBy-to-K layer thickness ratio C = 0.3
8

and modulation periods K between 1 and 10 nm, and K = 6 nm
SLs with C ranging from 0.2 to 0.8 are synthesized from compound
targets with optimal conditions of 600 ℃ growth temperature and
4 mTorr Ar sputter gas pressure. It is found that the stoichiometries
(B/TM ratio) of the constituting CrBx and TiBy layers and the rela-
tive layer thicknesses C, strongly influences the distribution of B
in the SL structures. SLs with C in the range of 0.2 to 0.4, exhibit
the highest structural quality by having the average B/TM ratio
closest to stoichiometry. The crystalline quality of SLs deteriorates
with higher relative thickness of over-stoichiometric TiBy due to
strong B segregation, resulting in narrow epitaxial SL columnar
growth with structurally distorted B-rich boundaries. An increase
in relative thickness of under-stoichiometric CrBx on the other
hand, enhances the SL quality and hinders formation of B-rich
boundaries. For the optimum growth conditions the SLs exhibit a
hardness in the range 29–34 GPa and the CrBx(0001)/TiBy(0001)
heterostructures exhibit columnar structures with locally abrupt
interfaces for K > 1 nm. These results are promising for hard coat-
ings and neutron mirror applications provided that B segregation
can be mitigated, and larger epitaxial domains can be achieved.
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