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A B S T R A C T   

Single-crystal CrB2/TiB2 diboride superlattices with well-defined layers are promising candidates for neutron 
optics. However, excess B in sputter-deposited TiBy using a single TiB2 target deteriorates the structural quality of 
CrBx/TiBy (0001) superlattices. We study the influence of co-sputtering of TiB2 + Ti on the stoichiometry and 
crystalline quality of 300-nm-thick TiBy single layers and CrBx/TiBy (0001) superlattices on Al2O3(0001) sub
strates grown by DC magnetron sputter epitaxy at growth-temperatures TS ranging from 600 to 900 ◦C. By 
controlling the relative applied powers to the TiB2 and Ti magnetrons, y could be reduced from 3.3 to 0.9. TiB2.3 
grown at 750 ◦C exhibited epitaxial domains about 10x larger than non-co-sputtered films. Close-to- 
stoichiometry CrB1.7/TiB2.3 superlattices with modulation periods Λ = 6 nm grown at 750 ◦C showed the 
highest single crystal quality and best layer definition. TiB2.3 layers display rough top interfaces indicating 
kinetically limited growth while CrB1.7 forms flat and abrupt top interfaces indicating epitaxial growth with high 
adatom mobility.   

1. Introduction 

Single crystal, hetero-epitaxially grown periodic multilayers, also 
known as superlattices (SLs), have great potential for highly efficient 
interference neutron mirrors at large-scale neutron facilities owing to 
the possibility of achieving extremely abrupt interfaces (±½ atomic 
layer). CrB2 and TiB2 exhibit a small lattice mismatch (1.92 % along the 
a-axis) and a large difference in neutron scattering cross section which 
make CrB2/TiB2 SLs a suitable candidate for neutron optics. Hence, for 
this application, it is crucial to obtain high-quality single crystal SLs with 
periodicities (Λ = DCrB2 +DTiB2) in the range of 1–100 nm with as abrupt 
interfaces as possible. 

We previously demonstrated the possibility of growing relatively 
high-crystalline-quality CrBx/TiBy (0001) diboride SLs [x,y ∈ 1.7–3.3] 
on Al2O3(0001) substrates by magnetron sputter epitaxy (MSE) [1]. 
However, over-stoichiometric TiB3.3, and the formation of B-rich tissue 
phases, particularly for SLs with layer-thickness ratios Γ = DTiBy

DCrBx +DTiBy 
≥

0.5, was found to cause deterioration of the epitaxy and interface quality 
[1]. Hence, controlling the B stoichiometry is key to obtain high-quality 

epitaxial growth of CrBx/TiBy SLs with flat and abrupt interfaces. Due to 
the differences between sputter-ejected target constituents, where 
sputtered B atoms are preferentially ejected along the target surface 
normal, while sputtered Ti atoms have a wider angular ejection distri
bution with a relatively higher off-normal flux [2], sputter-deposited 
TiBy are typically over-stoichiometric (B/Ti > 2) [3–6]. Some methods 
were proposed to control the compositions of over-stoichiometric 
monolithic TiB2 thin films [2,7–9]. However, they merely focus on 
tuning the composition of polycrystalline and nanostructured single- 
phase thin films rather than the crystalline quality and are not suited 
for growing CrBx/TiBy SL neutron mirrors engineered with sub-nm layer 
thickness precision. A method to control the TiBy stoichiometry should 
not negatively affect the epitaxial growth and composition of the CrBx 
layers, for which good growth conditions for the composition (x = B/Cr 
ratio = 1.7 for CrB1.7 single layers) and crystalline quality have already 
been established [1]. Recently, the interest in transition metal diboride 
SLs for hard-coating applications has also increased owing to a possible 
improvement in mechanical properties through the hindering of dislo
cation mobility at the interfaces [10]. Mechanical properties of TiB2/ 
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WB2 and TiB2/ZrB2 polycrystalline SLs have been studied which showed 
over-stoichiometric TiB2.66 [11], further underlining the importance of 
controlling the B stoichiometry for better crystalline quality metal 
diboride SLs. Hellgren et al. [12] showed that the B/Ti ratio of TiBy thin 
films co-sputtered from Ti and TiB2 targets can be tuned from y = 2.8 to 
1.2 by increasing the Ti-target power while maintaining the TiB2-target 
power constant. However, the as-deposited layers were amorphous, and 
a high-temperature (1100 ◦C) vacuum-annealing process was essential 
to achieve polycrystalline thin films. In this work, we explore a strategy 
for achieving high crystal quality CrB2/TiB2 SLs, with emphasis on 
obtaining the highest possible layer definition, by employing co- 
sputtering from TiB2 and Ti targets to control the B stoichiometry, y, 
in TiBy, at substrate temperatures between 600 and 900 ◦C. 

2. Material and methods 

0001-oriented TiBy single layers and CrBx/TiBy superlattices (SLs) 
were grown in a direct-current MSE system on Al2O3(0001) substrates. 
The deposition system is equipped with two type II 7.5-cm-diameter 
unbalanced magnetrons with a tilt angle of 25◦ and one 5-cm-diameter 
balanced magnetron with a tilt angle of 50◦ to the substrate normal, 
which are mounted in a confocal geometry at the top of the chamber. 
Stoichiometric 7.5-cm CrB2 and TiB2 compound targets, and a 5-cm Ti 
metal target (99.9 % purity) were used. The substrates were mounted on 
a substrate table below the magnetrons at a target-to-substrate distance 
of about 12 cm, rotating at a constant rate of 17 rpm in order to ensure 
good lateral thickness uniformity of the deposited layers. All three 
magnetrons were continuously running during the deposition, and fast 
computer-controlled shutters were used in front of each target to obtain 
the desired layer thicknesses. The base pressure for the deposition sys
tem was 3 × 10-7 Torr. Polished Al2O3(0001), 1.0 x 1.0 cm2, substrates 
were chemically cleaned sequentially in trichloroethylene (3 min), 
acetone (5 min), and isopropanol (5 min) in an ultrasonic bath, and then 
blown dry with pure nitrogen before inserting the substrates through a 
load-lock into the deposition chamber. 

All substrates were pre-heated in vacuum at 900 ◦C for about one 
hour before deposition to produce a clean well-ordered surface. A 
negative bias voltage of − 30 V was applied to the substrate to attract 

ions from the plasma. To further enhance the ion flux a solenoid sur
rounding the substrate which dynamically coupled to the magnetic field 
of each of the type II magnetrons was utilized [13]. A series of 300-nm- 
thick single-layer thin films were synthesized by co-sputtering of Ti and 
TiB2 at TS = 600 ◦C and pAr = 4 mTorr which are the optimum growth 
conditions for depositing CrBx/TiBy SLs [1]. The relative powers to the 
TiB2 and Ti magnetrons were varied from 120 to 70 W and 0 to 50 W, 
respectively, at a constant total power of PTiB2 + PTi = 120 W. Selected 
TiBy single layers were grown at TS = 750 ◦C and 900 ◦C. A first series of 
CrBx/TiBy SLs with a modulation period of Λ = 6 nm, thickness ratio Γ =
DTiBy

Λ ≈ 0.7, and N = 50 bilayers was studied using co-sputtering for TiBy 
layers with PTi = 20 and 25 W, at two different growth temperatures TS 
= 600 ◦C and 750 ◦C. A second series of SLs with different thickness 
ratios Γ ≈ 0.3, 0.5, and 0.7 was deposited at a substrate temperature of 
TS = 750 ◦C with Λ = 6 nm, N = 50, at the optimum applied power of 
PTiB2/PTi = 100 W/20 W. For growing SLs, the applied power to the CrB2 
target was 80 W, yielding a CrBx deposition rate of 0.066 nm/s. For TiBy 
with PTi = 20–25 W and a constant total power of PTiB2 + PTi = 120 W, 
the deposition rate was 0.055 ± 0.005 nm/s. Information about how to 
calculate the deposition rate in SL structures is described in [14]. 

X-ray diffraction (XRD) θ-2θ was performed using a Panalytical 
X’Pert Bragg-Brentano diffractometer with a Cu X-ray source, operating 
at 45 kV and 40 mA, generating Cu- Kα X-rays. On the primary side a 
Bragg-Brentano HD mirror was used with a ½◦ divergence slit and a ½◦

antiscatter slit, and on the secondary side a 5-mm antiscatter slit was 
used together with an X’celerator detector operating in scanning line 
mode. The elemental compositions of the films were determined using 
time-of-flight elastic recoil detection analysis (ToF-ERDA) and was 
carried out with a 36 MeV 127I8+ probe beam incident at 67.5◦ with 
respect to the sample surface normal and the recoils were detected at an 
angle of 45◦ [15]. The Linköping double-corrected FEI Titan3 60–300 
microscope, operated at 300 kV was used for (scanning) transmission 
electron microscopy ((S)TEM) studies. The microstructure and local 
composition were investigated by STEM high angle annular dark field 
(HAADF-STEM) imaging and electron energy loss spectroscopy (EELS). 
Cross-sectional TEM sample preparation was performed using mechan
ical polishing followed by Ar ion milling. Plan-view TEM samples were 
prepared by conventional cutting and cleaving followed by a gentle 

Fig. 1. (a, b, c) show HAADF-STEM micrographs of non-co-sputtered TiB3.3 at Ts = 600 ◦C and (d, e, f) co-sputtered TiB2.3 at Ts = 750 ◦C: (a and d) low- 
magnification, (b and e) lattice-resolved plan-view micrographs, and (c and f) EELS map of Ti-L23 (red), B-K (green), and O-K (blue) in TiB3.3 and TiB2.3. (g) cor
responding XRD θ-2θ scans for 300-nm-thick TiB3.3 and TiB2.3 single layers grown at Ts = 600 and 750 ◦C, respectively. (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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focused ion beam (FIB) milling [16]. X-ray reflectivity (XRR) was per
formed using a Panalytical Empyrean diffractometer with a Cu X-ray 
tube, operating at 45 kV and 40 mA. On the primary side, a parallel 
beam X-ray mirror was used in combination with a 1/32◦ divergence slit 
and a parallel plate collimator was used in combination with a colli
mator slit at the reflected beam using a PIXcel-3D area detector in 0D 
mode. Neutron reflectivity (NR) was conducted at the Institut Laue- 
Langevin in Grenoble with the Swedish neutron reflectometer Super
ADAM [17]. The measurement was performed using a monochromatic 
wavelength of 5.183 Å and a sample-to-detector distance of 250 cm. 
Footprint correction was applied using dedicated data reduction soft
ware at the beamline. 

3. Results and discussion 

To explore if co-sputtering of TiB2 and Ti can dilute the amount of B 
in the over-stoichiometric TiBy layers without causing any amorphiza
tion, a series of TiBy single layers were grown with different relative 
applied power to the Ti and TiB2 targets at TS = 600 ◦C, and evaluated 
with respect to composition and quality as presented in Supplementary 
Materials (SM). The y value in TiBy was gradually decreased from 3.3 to 
0.9 by increasing the relative applied power to the Ti vs. TiB2 target. 
TiB2.3 gave optimal crystalline quality and stoichiometry (Fig. S1 in SM). 
The crystalline quality of TiB2.3 further improved by increasing TS up to 
750 ◦C, as discussed and shown in Fig. S2 in SM. 

Fig. 1(a-f) compare plan-view HAADF-STEM micrographs and color- 
coded Ti-L23 (red), B-K (green), and O-K (blue) EELS elemental maps 
from the non-co-sputtered TiB3.3 grown at Ts = 600 ◦C and co-sputtered 
TiB2.3 grown at Ts = 750 ◦C. Low-magnification and lattice-resolved 
plan-view micrographs of TiB3.3 in Fig. 1(a) and 1(b) show bright 
contrast crystalline domains embedded in a matrix of low-density. The 
corresponding EELS map in Fig. 1(c) indicate that the excess B in this 
single layer segregates to the column boundaries, forming an amorphous 
B-rich tissue phase. This is a typical nanostructure of TiB2 thin films 
grown by magnetron sputtering [18,19]. 

Fig. 1(a) and 1(d) show that crystalline domains in TiB2.3 are 
approximately ten times larger across, than those in the highly over- 
stoichiometric TiB3.3. The lattice-resolved images in Fig. 1(b) and 1(e) 
reveal that the larger domains in TiB2.3 are single crystalline in nature, 
exhibiting clear lattice fringes in all domains, showing a higher degree of 
crystalline order than in TiB3.3. Fig. 1(f) shows EELS elemental map from 
a junction between multiple domain boundaries in TiB2.3. The map in
dicates that the boundaries are B rich, while the junctions are O rich, 
proving the formation of large porosities along boundary junctions 
where atmospheric oxygen can enter the porous TiB2.3, possibly dete
riorating the film properties [20]. This is supported by ToF-ERDA that 
shows 9 at. % O in the TiB2.3 single layer grown at TS = 750 ◦C, as 
compared to 1.6 at. % O in the TiB3.3 layer. 

Fig. 1(g) shows the corresponding XRD θ-2θ scans of TiB3.3 and TiB2.3 
single layers. Comparatively higher intensity of the 000l peaks in TiB2.3 
and absence of 101̄1-oriented crystallites indicate higher crystalline 
quality than for the TiB3.3 owing to the reduced amount of B in the film. 

After achieving high crystalline quality TiB2.3 by co-sputtering at TS 
= 750 ◦C, we investigated its impact on improving epitaxial growth of 
000l-oriented CrBx/TiBy SLs on c-plane sapphire. Without employing Ti 
co-deposition, CrBx/TiBy SLs with highly non-stoichiometric individual 
layers were obtained at an optimum temperature of TS = 600 ◦C [1]. The 
established, considerably higher, optimum growth temperature for 
TiB2.3 by Ti co-sputtering, implies that a higher TS may be expected also 
for SLs. In addition to y = 2.3, the lower B/Ti ratio y = 2.1, established 
for TiBy single layers, would be of interest for SLs for achieving a closer- 
to-stoichiometry composition. Thus, a series of CrBx/TiBy SLs were 
grown using TiB2 + Ti co-sputtering with the optimal deposition pa
rameters for TiB2.3 and TiB2.1, at two different growth temperatures TS 
= 600 and 750 ◦C with the modulation period Λ = 6 nm and thickness 

ratio of Γ = DTiBy
Λ ≈ 0.7. For comparison, a SL with the same Λ and Γ was 

grown without Ti co-sputtering at TS = 600 ◦C (the same growth con
ditions as in [1]). The large relative thickness of TiBy Γ ≈ 0.7 was chosen 
to give a large impact on reducing excess B leading to an improved 
nanostructure by co-sputtering. Fig. 2 shows the XRD θ-2θ data of CrBx/ 
TiBy SLs for y = 3.3, 2.3, and 2.1, corresponding to TiBy single layers. 
The intensities of the 0001 and 0002 SLs average peaks (marked by * in 
the figure) and the intensities and number of visible satellite peaks, 
indicate that the SL grown at TS = 750 ◦C with TiB2.3 has the highest 
crystalline quality. 

Compositional analyses show that the average B/transition metal 
(TM) ratio for the co-sputtered SLs is about 2.1, and for the non-co- 
sputtered SL is 2.7. In addition, there is a considerable decrease in the 
oxygen concentration (see in Fig. 2) from 4.6 at. % to 0.3 at. % when 
increasing TS from 600 ◦C to 750 ◦C in SLs with TiB2.3. A slightly higher 
oxygen concentration with a similar decreasing effect (from 6.1 at. % to 
1.3 at. %) upon increasing TS is observed for SLs grown with optimum 
deposition parameters for TiB2.1 layers. The reduced oxygen content is 
attributed to a higher crystalline quality of SLs grown at 750 ◦C (for both 
y = 2.3 and 2.1) compared to those grown at 600 ◦C. This is in quali
tative agreement with the observations of reduced oxygen content with 
improved crystal quality upon increased growth temperature as 
observed in ZrB2 epilayers [21]. 

The SL grown from a single TiB2 target exhibits an oxygen concen
tration of 0.9 at. % which is much lower than SLs synthesized at the same 
temperature TS = 600 ◦C using co-sputtering. This may be explained by 
the elimination of O-rich free volume by segregation of excess B from the 
TiB3.3 layers to triple points and domain boundaries which is known to 
occur in CrBx/TiBy SLs grown under these conditions [1]. A higher layer 
definition in SLs synthesized using single TiB2 target compared to the 
SLs co-sputtered at TS = 600 ◦C is supported by the observation of more 
intense and higher order satellite peaks around the 000l average crystal 
peaks. However, this SL exhibits a poor crystalline quality as evidenced 
by low intensities of the average SL crystal peaks, the emergence of an 
additional peak indicating partial 101̄1 orientation, and with a B/TM 
ratio of 2.7. Hence, it is unfavourable compared to the close-to- 
stoichiometric SL grown at TS = 750 ◦C which, based on the XRD, ex
hibits superior crystal quality and SL layer definition. Therefore, SLs 

Fig. 2. XRD θ-2θ scans for superlattices with different y values corresponding 
to TiBy single layers, grown at Ts = 600 and 750 ◦C. Modulation period Λ = 6 
nm, thickness ratio Γ ≈ 0.7, and number of bilayers N = 50 were kept constant. 
The average 000l superlattice peaks are marked by (*). 
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with high structural quality and close-to-stoichiometry composition can 
be achieved by applying the optimized Ti and TiB2 growth conditions for 
synthesizing TiBy single layers with y = 2.3 at TS = 750 ◦C. The oxygen 
concentration in this SL (0.3 at. %) is significantly less than that in single 
layer TiB2.3 (9.0 at. %), which is due to a change from porous columnar 
epitaxial growth to a dense 2D epilayer growth, by the periodic intro
duction of CrBx layers which are grown with a relatively higher adatom 
mobility, as discussed below. 

Fig. 3(a) shows XRD θ-2θ patterns of CrB1.7/TiB2.3 SLs with different 
thickness ratios Γ ≈ 0.7, 0.5, and 0.3, and a nominal periodicity of Λ = 6 
nm for 50 bilayers N = 50, grown at the established optimal TS = 750 ◦C. 
The high intensity of the average 0002 Bragg-peaks reveals high crys
talline quality for all three thickness ratios. The Γ ≈ 0.3 SL exhibits a 
significantly higher 0002 Bragg-peak, surrounded by a higher number 
and more intense satellites, indicative of higher structural quality with 
more well-defined layers than the SLs with relatively thicker TiB2.3 
layers (Γ ≥ 0.5). In Fig. 3(b-d), cross-sectional HAADF-STEM micro
graphs of SLs with Γ ≈ 0.3, 0.5, and 0.7 are shown. The micrographs 
show the presence of flat layers with relatively abrupt interfaces be
tween the individual layers in the SLs with different thickness ratios 
where bright and dark layers correspond to CrB1.7 and TiB2.3, respec
tively. The darker regions (one of them marked with an arrow in Fig. 3 
(d)) are B-rich tissue phases which are attributed to B segregation in the 
over-stoichiometric TiB2.3 layers [1]. In Fig. 3(b) the SL with Γ ≈ 0.3 
exhibits only faint indication of B segregation and overall very flat layers 
which, together with the strong XRD SL peaks (Fig. 3(a)), is evidence of 
significant improvements in both crystal quality and layer definition of 
the SL by reducing the B stoichiometry in the TiBy layers to y = 2.3, as 
compared to y = 3.3 in previous work. By the same comparison, B 
segregation and crystal quality are significantly improved also for Γ ≈
0.5 and 0.7, although it is seen in Fig. 3(c and d) that the excess B in the 
TiB2.3 layers causes more severe B segregation and crystal quality 

deterioration as the overall B content in the SLs increases with higher 
TiB2.3 relative thickness. No roughness accumulation is observed in the 
low-magnification STEM micrographs (not shown) of these SLs. For all 
three Γs, it is clearly seen in Fig. 3(b-d) that interfaces where CrB1.7 is 
over-grown by TiB2.3 are more abrupt than the TiB2.3-to-CrB1.7 
interfaces. 

In contrast to HAADF-STEM, XRR and NR measurements include a 
large sample volume and the interface quality can be quantified by 
corresponding simulations. In Fig. 4, the XRR and NR data of the SL with 
Λ = 6 nm and Γ ≈ 0.3 (same as the HAADF-STEM shown in Fig. 3(b)) are 
shown along with the best fit simulations using the GenX code [22]. 
High intensity Bragg-peaks in both XRR (Fig. 4(a)) and NR (Fig. 4(b)) 
indicate well defined SL layers with abrupt interfaces which is in qual
itative agreement with the observed XRD pattern in Fig. 3(a). The sim
ulations were performed using the same model for both XRR and NR 
with coupled structural parameters for simultaneous fitting, and they 
show an excellent agreement with the experimental data regarding the 
period Λ and thickness ratio Γ. To obtain a good fit, an increasing 
interface width σ for each subsequent period throughout the SL stack 
was included in the model in order to take into account accumulated 
roughness resulting in reduced reflected intensity. The initial interface 
widths σ near the substrate, averaged over the 1.0 x 1.0 cm2, of the 
CrB1.7-to-TiB2.3 and TiB2.3-to-CrB1.7 interfaces are found to be 0.4 Å and 
1.0 Å, respectively, with interface width evolutions of 0.27 Å/period for 
CrB1.7-to-TiB2.3 and 0.66 Å/period for TiB2.3-to-CrB1.7. 

The asymmetric interface widths and their evolution during SL 
growth observed by TEM and revealed by XRR and NR, indicate 
significantly different conditions for nucleation and growth of TiB2.3 and 
CrB1.7. The CrB1.7 exhibits 2D growth which provides flat surfaces for 
TiB2.3 nucleation forming abrupt interfaces. Each TiB2.3 layer is 
observed to develop a rough surface, which is most pronounced for 
thicker TiB2.3 layers, which then are smoothened by subsequent 2D 

Fig. 3. (a) XRD θ-2θ scans for CrB1.7/TiB2.3 superlattices with different thickness ratios Γ ≈ 0.7, 0.5, and 0.3. Period Λ = 6 nm and number of layers N = 50 were kept 
constant. The average 0002 superlattice peaks are marked by (*) and the order of satellites are shown by ± integers. (b, c, d) cross-sectional HAADF-STEM mi
crographs of CrB1.7/TiB2.3 superlattices (corresponding to (a)) with Γ ≈ 0.3, 0.5, and 0.7. 
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growth of CrB1.7. We submit that such a growth scenario is possible by 
noting a large difference in homologous temperature (TH) between CrB2 
and TiB2 at TS = 750 ◦C (THCrB2 = 0.4 and THTiB2 = 0.3), where TH = (TS/ 
TM) and TM = absolute melting temperature, that would lead to a 
kinetically limited growth of TiB2.3, while the CrB1.7 growth is charac
terized by a high adatom mobility. That would place the CrB1.7 close to 
the sweet spot for ion-assisted epitaxial growth in the Thornton structure 
zone diagram [23] modified by Anders [24], while the high TM for TiB2.3 
places it in the region characterized by columnar grain growth. This 
model may also explain how high-quality epitaxial growth of CrB1.7/ 
TiB2.3 SLs are obtained while growth of TiB2.3 single layer occurs in a 
porous columnar epitaxial fashion under the same conditions. 

4. Conclusions 

Co-sputtering from Ti and TiB2 targets provides significant control 
over the B content in TiBy (0.9 ≤ y ≤ 3.3), enabling the growth of high 
crystal quality CrBx/TiBy (0001) diboride superlattices (SLs). Close-to- 
stoichiometry single layer TiB2.3 grown at 750 ◦C represents the opti
mum growth conditions producing a columnar epitaxial film with a high 
(9 at. %) oxygen content due to porous column boundaries. The same 
growth conditions yield single crystal growth of CrB1.7/TiB2.3 (0001)/ 
Al2O3(0001) SLs with an oxygen content of only 0.4 at. % which is 
attributed to a transition from a 3D columnar growth mode for single 
layer TiB2.3, to a dense epitaxial 2D growth when introducing nm-thin 
CrB1.7 layers, featuring a relatively high adatom mobility, to form SLs. 
Within the SLs, TiB2.3 layers display rough top interfaces indicating a 
kinetically limited growth, while CrB1.7 forms layers with flat and 
abrupt top interfaces with a smoothening effect, indicating epitaxial 

growth with high adatom mobility. The rough top surfaces of the TiB2.3 
layers results in locally abrupt interfaces with an accumulating rough
ness evolution. The structural analyses show that SLs grown at 750 ◦C 
exhibit the highest crystalline quality and the highest layer definition. 
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