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ABSTRACT

Transition metal diboride-based thin films are currently receiving strong interest in fundamental and applied research. Multilayer thin films
based on transition metal diborides are, however, not yet explored in detail. This study presents results on the constitution and microstruc-
ture of multilayer thin films composed of TiBx and the intermetallic compound NiAl. Single layer NiAl and TiBx and NiAl/TiBx multilayer
thin films with a variation of the individual layer thickness and bilayer period were deposited by D.C. and R.F. magnetron sputtering on
silicon substrates. The impact of the operation mode of the sputtering targets on the microstructure of the thin films was investigated by
detailed compositional and structural characterization. The NiAl single layer thin films showed an operation mode-dependent growth in a
polycrystalline B2 CsCl structure with a cubic lattice with and without preferred orientation. The TiBx single layer thin films exhibited an
operation mode independent crystalline structure with a hexagonal lattice and a pronounced (001) texture. These TiBx layers were signifi-
cantly Ti-deficient and showed B-excess, resulting in stoichiometry in the range TiB2.64–TiB2.72. Both thin film materials were deposited in a
regime corresponding with zone 1 or zone T in the structure zone model of Thornton. Transmission electron microscopy studies revealed,
however, very homogeneous, dense thin-film microstructures, as well as the existence of dislocation lines in both materials. In the multilayer
stacks with various microscale and nanoscale designs, the TiBx layers grew in a similar microstructure with (001) texture, while the NiAl
layers were polycrystalline without preferred orientation in microscale design and tended to grow polycrystalline with (211) preferred orien-
tation in nanoscale designs. The dislocation densities at the NiAl/TiBx phase boundaries changed with the multilayer design, suggesting
more smooth interfaces for multilayers with microscale design and more disturbed, strained interfaces in multilayers with nanoscale design.
In conclusion, the volume fraction of the two-layer materials, their grain size and crystalline structure, and the nature of the interfaces have
an impact on the dislocation density and ability to form dislocations in these NiAl/TiBx-based multilayer structures.

Published under an exclusive license by the AVS. https://doi.org/10.1116/6.0001734

I. INTRODUCTION

Advanced engineering thin film materials for applications
under severe conditions and high loads require complex, multi-

functional properties profiles including high strength, ductility,

fracture toughness, oxidation, corrosion, and wear resistance.1–4

Strong concepts for the development of novel materials for such

challenging applications are explored in research. Exemplary, inno-
vative nanostructured composite5–7 and nanoscale multilayer8–12

thin films (combining metals, metallic, and ceramic hard materials
in multiphase structures) have been achieved by materials design
on the atomistic level through tailored alloying,13,14 interface modi-
fication,13,15 and further strategies,16,17 based on a deep under-
standing of plasma-based thin film growth,18 materials simulation
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and modeling,19–21 and fostered by the emergence of new deposi-
tion technologies like high-power impulse magnetron sputtering
(HIPIMS).22

This work describes a new model case of magnetron sputtered
composite thin films, combining an intermetallic material, NiAl,
and a ceramic-like hard material, TiB2, in the form of nanoscale
multilayers. The study presents detailed results on the constitution
and microstructure of these multilayer thin films (and on the
related single layer thin films, respectively). A motivation for this
work is derived from the background of bulk TiB2 reinforced metal
matrix composite materials, which are known for promising
mechanical properties in combination with good thermal and elec-
tric conductivity.23–25

The intermetallic compound NiAl is an interesting candidate
material for high-temperature applications. Its properties are
strongly related to its structure and strong covalent bonds between
the nearest neighbor Ni and Al atoms. NiAl crystallizes in a B2
CsCl structure (space group Pm�3m, space group No. 221) with a
cubic lattice, consisting of two interpenetrating cubic primitive sub-
lattices. In this ordered structure, each Al atom is surrounded
exclusively by Ni atoms and vice versa. A detailed understanding of
the structure of NiAl and its physical, chemical, and thermodynam-
ical properties has been achieved in past decades. The attractive
properties’ profile covers a high melting temperature (1676 °C), low
density (5.95 g/cm3), a good oxidation resistance at 1100–1400 °C
with the ability to form a protective Al2O3 surface layer, and a high
electrical and thermal conductivity. NiAl shows anisotropic elastic
and plastic properties, and the properties can be tuned through a
variable defect structure by vacancy design. A disadvantage is its
brittle behavior at room temperature, hindering its processing and
use as a bulk material for engineering applications.26–29 The explo-
ration of NiAl as a coating or thin-film material has been addressed
by thermal spray, pack cementation, and other techniques since the
first experiments based on magnetron sputtering methods date
back to the 1990s.30–33 For example, Ding et al.30 demonstrated the
formation of equiatomic single-phase B2 structured NiAl thin films
by R.F. magnetron sputtering of a composite elemental target.
Depending on the applied substrate material, these thin films were
grown with a different crystallographic orientation and texture. NiAl
thin films deposited on amorphous glass substrates showed a strong
texture in (111) orientation, while thin films deposited onto alumi-
num substrates grew in a polycrystalline structure without preferred
orientation. Similar results were reported by de Almeida et al.31 for
R.F. magnetron sputtered NiAl thin films using an intermetallic
target of equiatomic concentration, 50 at. % Ni and 50 at. % Al. This
study described the growth of equiatomic single-phase B2 structured
NiAl thin films on (100) oriented Si and (110) oriented Ni substrates
in dependence on the R.F. target power and the substrate tempera-
ture and correlated the observed microstructure formation strongly
with these substrate and deposition conditions. The deposition of
NiAl thin films by D.C. magnetron sputtering was investigated by
Bestor et al.32 revealing single-phase thin films grown with a (110)
texture on Ni-base superalloy substrates.

Titanium diboride, TiB2, is one of the technically most rele-
vant borides for engineering materials. Due to its high strength and
hardness (in the range of 27–30 GPa), its low density (4.5 g/cm3) and
high melting point (3225 °C), its good thermal and electrical

conductivity, and its thermodynamical stability, it is particularly
attractive for both bulk materials and protective coatings for tribologi-
cally stressed components as well as for ultrahigh-temperature appli-
cations. TiB2 crystallizes in a hexagonal structure of the AlB2-type
(space group P6/mmm, space group No. 191) with a hexagonal
lattice. This structure consists of periodically stacked, alternating Ti
and B layers and exhibits strong ionic Ti–B and covalent B–B
bonds.34–36 In the Ti–B phase diagram, the TiB2 phase shows a
narrow single-phase width within a concentration of 65.5–66.7 at. %
boron.37

The exploration and utilization of TiB2 (and other transition
metal diborides) coatings and thin films have been stimulating fun-
damental and application-oriented research for decades, addressing
chemical vapor deposition,38–42 physical vapor deposition
(PVD),43–46 including, for example, ion beam assisted deposition,47

magnetron sputtering,48–51 arc evaporation,52 and further synthesis
methods.53 In the following, the focus is on magnetron sputtering
synthesis of transition metal diborides only, as this field has seen
enormous innovation and progress through the development and
implementation of new pulsed deposition techniques like pulsed
DC magnetron sputtering,49,54–56 HIPIMS,57–61 and combined DC
magnetron sputtering and HIPIMS processes.62,63 Further progress
in transition metal diboride thin films development and processing
is available through advanced simulation and modeling (for an
introduction please see exemplarily Refs. 64–67). Advanced thin
film design concepts, for example, alloying of the diborides with
aluminum to improve their oxidation resistance and age hardening
behavior,68–73 and other ternary74–77 or multielemental diboride
thin films,78,79 either in novel solid solution or core-shell struc-
ture80 are briefly mentioned but not described in detail. A recently
published, comprehensive review article by Magnuson et al.81 pro-
vides deep, extensive insight into the diboride (and other) thin
films synthesis, microstructure, their underlying physics and chem-
istry, and many issues of more relevance to better understand this
class of materials and the correlation of their atomistic design with
macroscopic properties.

The physical vapor deposition of transition metal diboride
thin films is usually facing the challenge of achieving thin films
with desired stoichiometry, i.e., TMB2 (TM: transition metal).
Often, the reported composition of PVD TiB2 (and other) thin
films deviates significantly from the perfect metal:boron ratio and
is commonly referred to as TiBx with values for x mostly in the
range of 1.4–3.5. The fundamental thin-film physics background
on how to achieve perfect thin film stoichiometry in “conventional”
magnetron sputtered diboride thin films has been outlined by
Petrov et al.46 The precise adjustment of the B:Ti concentration
ratio is possible by applying external magnetic coils around the
bulk plasma generated by unbalanced magnetrons, resulting in
plasma confinement and an increase of the electron temperature in
the bulk plasma. This causes enhanced ionization of the sputtered
species, both Ti and B, and enables the control and adjustment of
the diborides thin films’ stoichiometries because the ions can be
attracted to the substrate with adjustable energy and flux ratio.
Significantly increased metal ionization and plasma densities are
available in HIPIMS.82 Greczyinski et al.22 recently reviewed funda-
mental aspects of HIPIMS processes and discussed their utilization
for precise composition and microstructure control of various
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refractory hard coatings. They pointed out the huge potential of
this new technique for knowledge-based thin-film design by explor-
ing the new toolbox offered by complete process control and steer-
ing via ionized plasma species. This has been demonstrated for
TiB2 thin films by Bakhit et al.59 The authors showed that proper
adjusting of the pulse width has a strong impact on the peak
current density, the electron density in the plasma, and the ioniza-
tion of sputtered species. This parameter variation could be used to
tune the TiB2 thin-film stoichiometry, changing from slightly over-
stoichiometric, TiB2.08, to perfectly stoichiometric, TiB2, and even
pronounced substoichiometric, TiB1.83.

A major challenge in PVD diboride thin films processing,
strongly related to the stoichiometry of the thin film, is the micro-
structure formation under such conditions (and when specific
requests for substrate materials and temperatures must be addition-
ally met). The adjustment and control of the microstructure and its
correlation with macroscopic thin film properties are absolutely
necessary for the development of novel hard and tough, oxidation
resistant diboride thin films for higher temperature applications.
Intense research has been and is devoted to this field as briefly out-
lined below. Mayrhofer et al.45 presented a microstructural model
for conventional magnetron sputtered over-stoichiometric TiB2
thin films deposited at low substrate temperature (300 °C). A crys-
talline (001) oriented TiB2 phase with nanocolumnar grains is sur-
rounded by a thin, less-ordered boron-rich tissue phase. This
microstructure is thermally stable up to 700 °C annealing and is
highly cohesive. Such conventional magnetron sputtered over-
stoichiometric TiB2 thin films were frequently reported to exhibit
very high hardness values, often up to 40 GPa and higher.
Mayrhofer et al. related the high hardness values with this special
nanoscale microstructure, which should suppress dislocation nucle-
ation and glide as well as grain boundary sliding during mechanical
loading in hardness evaluation in nanoindentation. This micro-
structural model was supported by a combined experimental and
simulation study by Kalfagiannis et al.,64 suggesting that excess
boron can be located both at interstitial sites of the hexagonal Ti
layers of the TiB2 lattice and at the grain boundaries of the (001)
oriented TiB2 grains. Recent reports on the microstructure of over-
stoichiometric TiB2 HIPIMS thin films by Nedfors et al.58 and
Bakhit et al.73 confirm this basic model further, showing an amor-
phous boron-rich grain boundary phase surrounding a nanocrystal-
line, (001) oriented TiB2 phase. Nedfors et al.51 described the
growth of stoichiometric TiB2 thin films by D.C. magnetron sput-
tering at higher gas pressure and with modified magnetic field con-
figuration, at 900 °C substrate temperature on alumina, resulting in
a very dense, high-quality nanocrystalline TiB2 microstructure with
B-rich inclusions. Thörnberg et al.63 reported on HIPIMS TiB1.43
thin films with pronounced boron deficiency; these films were
grown in a dense, columnar microstructure without columnar
boundary phases and exhibited better oxidation performance in
comparison to over-stoichiometric TiB2+x thin films with signifi-
cant boron excess, deposited by D.C. magnetron sputtering.
Palisaitis et al.83 presented a study based on detailed transmission
electron microscopy analyses and simulation of a slightly
B-deficient, substoichiometric TiB1.9 thin film, deposited by unbal-
anced D.C. magnetron sputtering at 900 °C on alumina substrates.
The epitaxial film of high crystalline quality showed planar defects

in the TiB2 lattice, and both model and experiment showed great
coherence.

A well-established, powerful concept to design advanced engi-
neering thin films with enhanced hardness, fracture toughness,
wear resistance, and oxidation resistance is the multilayer
approach.8–11,15 In this context, the development of innovative
PVD thin film materials based on transition metal diborides has
been related to the combination of diborides with transition metal
carbides, nitrides, and carbonitrides. Material combinations mainly
of hexagonal TiB2 and ZrB2 layers and face-centered cubic TiC or
ZrC,84–86 TiN,84,87 (Ti, Al)N, or (Zr, Al)N (Refs. 88–90) and
related layer materials have found some interest, while there is
much less work published in comparison to, for example, nitride
and carbide PVD multilayers. Such coatings have been investigated
with respect to their mechanical properties, wear behavior, and per-
formance in tooling applications by systematic variation of bilayer
periods, volume fraction and microstructure of the layer materials,
and the phase boundary volume fraction. Noticeably, a thin film
concept based on the combination of Ti–B–N and TiB2 based
layers and realized through chemical vapor deposition has found
application in the tool industry (see exemplarily Ref. 91). For tribo-
logical applications, the combination of TiB2 with other ceramic
layers, both in a crystalline or amorphous structure, has also been
reported. The ceramic layer materials include, for example, amorphous
(diamond like) carbon,92,93 boron nitride,94 silicon nitride,95 zirconia,96

or others.97 The combination of TiB2 with metal layers has been
addressed to accommodate high-stress levels in the ceramic layers
with the intention to enhance the ductility and fracture toughness of
such composite thin film materials. The relatively few research works
available in this specific field cover both pure elemental and alloy layer
materials, like Al,98 Ti,99,100 Cr,101 Ni,102 W,103 or FeMn.104

Wang et al.104,105 suggested, for example, a phase transformation of a
metastable cubic FeMn phase with f.c.c. lattice into a cubic phase with
b.c.c. lattice under mechanical stress, which would contribute to
enhanced fracture toughness of the TiB2/FeMn multilayer composite
structure. Reports on the combination of TiB2 and intermetallic mate-
rials such as NiAl in multilayers are not yet published.

In this study, we present magnetron sputtered NiAl and TiBx
thin films as model materials to explore the combination of the
intermetallic material NiAl and the metal-ceramic hard material
TiB2 in nanoscale multilayer NiAl/TiBx thin films as a potential
novel type of metal-TiB2 composite thin films. The major focus of
the work presented is on the characterization of phase composition
and microstructure of the thin films. These were deposited as single
layers and multilayers with a different mode of target operation,
i.e., both R.F. and D.C. power was supplied to the sputtering
targets, altering the plasma deposition conditions and growth of
the layer materials. For the NiAl/TiBx multilayer thin films, a varia-
tion of the individual layer thickness in the range of 50–500 nm
was done to identify bulk volume and phase boundary effects on
the growth of the layer materials under different targets operation
modes.

II. EXPERIMENT

Single layer NiAl, TiBx, and multilayer NiAl/TiBx thin films
were deposited by non-reactive magnetron sputtering processes
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with a Leybold Z 550 coater. The sputter unit was equipped with
two power supplies for the sputtering targets, one D.C. and one
R.F. power supply. A second R.F. power supply was used for
plasma etching. Two sputtering targets, made of commercially
available NiAl and TiB2 plates (75 mm diameter, 6 mm thick),
bonded onto water-cooled Cu holders with electrical power supply
connections (Leybold PK 75 cathode), were placed in adjacent posi-
tions along a horizontal axis and were arranged in a 180° configu-
ration. Substrate materials used in this study are single crystalline
(100) oriented Si wafer pieces (10 × 10mm2) with a thin amor-
phous silicon oxide surface layer. The thin film deposition onto the
substrates placed on a rotatable substrate table was done through a
top-down process. The vertical distance between targets and sub-
strates was 50 mm. All deposition processes described in this study
were carried out without additional substrate heating with substrate
temperatures in the range of 80–200 °C (the substrate temperature
was determined in separate experiments by using a specific sample
prepared with a calibrated thermocouple, connected with an electri-
cal unit outside the vacuum chamber. These measurements were
done only in stationary mode). The working gas used was argon at
a constant pressure of 0.4 Pa during thin film deposition, while at
0.6 Pa during plasma etching and during sputter cleaning of the
targets. The vacuum chamber was evacuated to a pressure up to
8 × 10−7 mbar (80 μPa) before the gas inlet. Prior to thin film depo-
sition, the sputtering targets were sputter cleaned for 5 min at
250W target power to remove potential surface contamination.
Furthermore, the substrates were 15 min plasma etched at 800W in
an R.F. plasma discharge via the R.F. power supply at the substrate
table to remove surface contamination and contribute to optimum
thin film adhesion. These process steps were done with appropriate
shuttering of both targets and substrates.

For the deposition of the NiAl layers, a commercial NiAl plate
(FHR Anlagenbau GmbH, Germany, purity 3 N, stoichiometry:
50 at. % Ni and 50 at. % Al) was used as a sputtering target and
operated in both D.C. and R.F. mode. To identify appropriate
process parameters for the deposition of stoichiometric and crystal-
line NiAl thin films, two experimental series with a variation in the
power applied to the target (100, 250, and 500W) were realized. In
one approach, the power on the target was supplied in D.C. mode,
in another approach in R.F. mode. The substrate bias was 0 V (i.e.,
substrates were grounded) and the argon gas pressure was constant,
0.4 Pa, corresponding to an Ar gas flow of 46 SCCM. The thickness
of the NiAl single layer coatings was in the range of 3.8–3.9 μm.

The selection of parameters for the deposition of the TiBx
layers was on the basis of the evaluation of the above described
approach for NiAl thin film deposition, considering the subsequent
sequential deposition of both layers in new NiAl/TiBx multilayers
and with respect to former research of the authors on magnetron
sputtering of TiB2 thin films.45,106,107 A commercial TiB2 plate
(FHR Anlagenbau GmbH, Germany, purity 2N5) was used as a
sputtering target and was operated again in D.C. and R.F. mode. In
these experiments, the power applied to the TiB2 target was 250W,
the argon gas pressure was 0.4 Pa, and the substrate bias was 0 V
(i.e., the substrates were at ground potential). The single layer thin
films had a thickness of ∼5 μm.

NiAl/TiBx multilayer thin films with a variation of the individ-
ual layer thickness and bilayer period were deposited via sequential

layer deposition under the NiAl and TiB2 targets by utilizing a
stop-and-go mode of the substrate table rotation and an appropri-
ate shutter movement (with a manual process control). This strat-
egy for deposition was chosen to design multilayer thin films with
various thicknesses of the individual layers and with chemically
sharp interfaces between these layers. Two strategies for the multi-
layer processing were applied: in one case, the NiAl target was
operated in R.F. mode and the TiB2 target in D.C. mode, while in
the second case, the NiAl target was operated in D.C. mode and
the TiB2 target in R.F. mode. The power supplied to the individual
targets was 250W, the argon gas pressure was 0.4 Pa, and the sub-
strates were grounded (0 V bias). The first layer of the multilayer
stack was always NiAl, and the second one (and always the top
surface layer) was TiBx. The overall thickness of all multilayer
samples was 5–10 μm. The deposition conditions and architectural
details of the NiAl/TiBx multilayer thin films are summarized in
Table I (please note that Table I shows the experimentally verified
thickness values of the individual layer materials).

The thickness of the single layer thin films was determined via
deposition on a Si substrate with part of the surface area covered by
a polymer strip. After deposition, this strip was removed, and the
remaining difference in surface heights was analyzed by a tactile
surface profilometer (Tencor P-10). The measured data were used
for the calculation of the thin films deposition rate in dependence
on the applied process parameters. These values determined the
deposition time of the samples under the respective sputtering
target during the multilayer synthesis.

The elemental composition of the single layer thin films was
analyzed through electron probe microanalysis (EPMA) with a
Cameca Camebax Microbeam system and a Cameca SX 100
system. The electron beam was operated at 15 kV acceleration
voltage and a 30 nA current. On each sample, three analyses were
done on various surface areas. The reported compositional values
are average values calculated from those individual ones. Data
acquisition was made by wavelength dispersive x-ray spectroscopy,
using various analyzer crystals (PET, PC2 und PC80) and standard
samples as references (TiN, ArSi 10, TiC, YiG, AlFe-Rank, G12Ni,
and TiB2).

The surface topography and the morphology of the fracture
cross section of selected thin film samples were examined by scan-
ning electron microscopy (SEM) images. These images were made
with a Zeiss Merlin microscope equipped with a Zeiss-GEMINI 2
system and with an FEI XL 30S FEG microscope. Various opera-
tional modes collecting either secondary electrons or backscattered

TABLE I. Deposition conditions and systematics of the NiAl/TiBx multilayer thin
films: target operation mode, individual layer thickness D, and bilayer period λ
(target power 250 W).

Sample
notation

NiAl
mode

TiB2
mode

DNiAl

(nm)
DTiB2

(nm)
λ

(nm)

A R.F. D.C. 500 500 1000
B D.C. R.F. 500 500 1000
C D.C. R.F. 65 75 140
D D.C. R.F. 75 45 120
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electrons were used for SEM imaging. Prior to SEM analysis, the
thin film samples were mounted on a special sample holder with
an angle of 60° inclined versus the exciting electron beam, enabling
imaging of both surface and cross-sectional morphologies of a
sample simultaneously. The acceleration voltage of the electron
beam was 15 kV with a current at the sample in the range
500 pA–3 nA.

Phase analysis and microstructure characterization were done
by x-ray diffraction (XRD) measurements on a Seifert ID 3003
system in Bragg–Brentano geometry with Cu-Kα radiation
(λ = 1.540 598 Å, 40 kV, 30 mA). The step size of the measurement
was 0.010° with a measuring time of 360 s per step. A Meteor 1D
detector is used as a 1D line detector. The 2θ range covered in
these measurements was 10°–90°. The assessment of the x-ray dif-
fraction raw data is performed via the Highscore software using the
ICCD PDF4+ database. Information on phase composition, crystal-
linity, crystalline structure, orientation, and texture formation was
obtained. The data obtained from the x-ray diffraction analysis are
corrected for Kα2 radiation using a Rachinger correction, and the
background is subtracted from the measured data.

The microstructure was investigated in more detail by using
transmission electron microscopy (TEM) on cross-sectional thin
film samples on an FEI TECNAI F20, equipped with a field emis-
sion gun and operated at 200 kV acceleration voltage. TEM samples
were cut, polished to a thickness of approximately 10 μm, and ion
milled in a Gatan PIPS II. Bright-field (BF) overviews and dark-
field (DF) micrographs reveal an insight into the microstructure,
columns’ morphology, and their size and growth direction. Selected
area electron diffraction (SAED) patterns revealed the observed
crystallites’ crystal structure, orientation, and texture. Scanning
TEM (STEM) images, captured by a high angle annular dark-field
(HAADF) detector for mass contrast, show the element distribu-
tion of the coatings. Energy dispersive x-ray (EDX) and electron
energy loss spectra (EELS) were acquired simultaneously for chemi-
cal analysis of heavy and light elements, respectively. The quantifi-
cation of the EDX spectra was based on theoretically determined
k-factors provided with the EDAX TEAM software. The B/Ti ratios
were calculated out of EEL spectra and combined with the EDX
quantification results of the other elements to get an accurate
boron content. The oxygen content was obtained by EDX because
the O-K edge overlaps with features of the Ti-L edge in EEL
spectra. Since oxygen as a light element was quantified by EDX,
these results are not as reliable as the metal to metal ratios.

III. RESULTS AND DISCUSSION

A. NiAl single layer thin films

The elemental composition of the magnetron sputtered NiAl
single layer thin films deposited on Si wafer substrates with a varia-
tion of the target power and in dependence of the target opera-
tional modus is presented in Table II.

The NiAl thin films deposited in both R.F. and D.C. mode
exhibit Ni and Al as major constituents and only low contamina-
tion by nitrogen, carbon, and argon (the sum of the atomic concen-
trations of these contaminations is about 2–3 at. % for all thin
films). In the case of the R.F. magnetron sputtered NiAl thin films,
the increase of the R.F. target power from 100 to 500W results in a

tiny shift of the concentrations of Ni and Al: the concentration of
Ni increases from 46.0 to 49.2 at. %, while that of Al decreases from
52.2 to 48.6 at. %. However, these changes are all within the mea-
surement accuracy. The Ni:Al concentration ratio increases from
0.88 for 100W to 1 for 250 and 500W. Concerning the results
obtained for the thin films deposited with 250 and 500W, the dif-
ferences in their elemental concentrations are very small and are
not further considered with respect to the number of analyses
made per sample and the related standard deviations. The D.C.
magnetron sputtered NiAl thin films show in all cases (indepen-
dent of the D.C. target power) nearly identical elemental composi-
tion with equal atomic concentrations of both Ni and Al. It can be
concluded that all NiAl thin films in this work exhibit a Ni:Al
atomic concentration ratio of 1, and their compositions correspond
with the stoichiometry of the sputtering NiAl target, 50 at. % Ni
and 50 at. % Al. Thus, the NiAl single layer thin films exhibit a
composition matching the stoichiometry of the B2 NiAl phase and
its related phase field in the Ni–Al phase diagram,29 and the
reported results correspond with the literature on magnetron sput-
tered NiAl thin films.30–33

For the stoichiometric NiAl target, a sputter equilibrium is
achieved after a short time, where exactly as many Ni as Al atoms
are sputtered. Comparing the D.C. mode with the R.F. mode, more
atoms are sputtered at the same target power in the D.C. mode
because the energy of the argon ions is larger in the D.C. mode,
and the sputter yield increases with the ion energy. In the D.C.
mode, the cathode potential energy is −489 eV. The substrates are
grounded and, thus, the anode potential energy is 0 eV. The plasma
potential energy is about −20 eV and, therefore, between the
cathode and anode potential. Then, the potential energy difference
between plasma and target results in an average argon ion energy
of 469 eV. In the R.F. mode, the cathode potential energy is
−321 eV, and the plasma potential energy is +25 eV, resulting in an
average argon ion energy of 346 eV. The substrates are also
grounded in R.F. mode. Due to the self-bias effect, the plasma
potential energy in R.F. mode is always higher than the target
potential energy, i.e., the cathode potential energy, and the sub-
strate potential energy, i.e., the anode potential energy. In previous
work, the plasma potential was determined with an electric retard-
ing field analyzer for different target materials used in magnetron
sputtering. It has been shown that the plasma potential for conduc-
tive materials varies only slightly. This was demonstrated for mag-
netron sputtering of TiN and graphite, for example.108 In this

TABLE II. Elemental composition of magnetron sputtered single layer NiAl thin films
deposited with a variation of power supplied to the sputtering target in R.F. and D.C.
mode. The elemental composition was measured with EPMA.

Ni (at. %) Al (at. %) C, N, and Ar (at. %) Ni:Al

100W R.F. 46.0 52.2 1.8 0.88
250W R.F. 48.3 49.7 1.9 0.97
500W R.F. 49.2 48.6 2.2 1.01
100W D.C. 48.5 48.7 2.8 1.00
250W D.C. 48.4 49.0 2.5 0.99
500W D.C. 47.8 49.6 2.6 0.96
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work, such considerations reflect the recorded values for the
growth rate of 2 nm/s (120 nm/min) in D.C. mode and ∼1.5 nm/s
(88 nm/min) in R.F. mode in the case of 250W target power [and
as well, exemplarily, the values for a deposition with 100W target
power, i.e., 0.66 nm/s (40 nm/min) in D.C. mode and ∼0.5 nm/s
(32 nm/min) in R.F. mode].

The growth morphology and surface topography of NiAl
single layer thin films deposited with a target power of 250W on a
Si wafer substrate by both R.F. and D.C. magnetron sputtering are
shown in the SEM images in Fig. 1. These images are taken from
fracture cross-sectional samples with the procedure outlined in
Sec. II. Both NiAl thin films exhibit a fine-scale columnar mor-
phology and a homogeneous cross-sectional microstructure
without pronounced pores and growth defects on the microscale.
Their surface topography is very homogeneous, smooth, and free
of large-scale defects. The cross-sectional morphology and structure
of the two NiAl thin films are similar, irrespective of the different
deposition processes. With regard to the substrate temperature, the
melting temperature of bulk NiAl, and the gas pressure of 0.4 Pa
(3 mTorr), such thin film morphology is attributed to a region
close to the transition region between zone 1 and zone T in the
structure zone model of Thornton.109 During a deposition in the
D.C. mode, the substrate is bombarded with electrons because the
plasma potential energy amounts to −20 eV and is negative with
respect to the grounded substrate. The electrons have an average
energy of 20 eV, and this leads to slight heating of the substrate
and, thus, to slightly higher surface mobility during thin film
growth. In the R.F. mode, the plasma potential energy is about
25 eV, so the mean argon ion energy is 25 eV. This low-energy ion
bombardment also increases surface diffusion during film growth.
This can explain why the film growth is comparable at the same
target power and working gas pressure for the two different modes.
The fracture behavior of both thin films is very similar, as indicated
by the smooth fractured areas shown in Fig. 1.

Figure 2 presents the results of the phase and microstructure
analyses obtained from x-ray diffraction for NiAl single layer thin
films on Si wafer substrates. All measured XRD data were

compared with the standardized data available in the ICDD data-
base. The overall observation is that all deposited thin films are
nanocrystalline and single-phase. The analyzed XRD reflections
attributed to the NiAl thin films can all be assigned to the cubic
AlNi phase as specified in the ICDD card No. 00-044-1188.
Furthermore, the NiAl thin films deposited on Si wafer substrates
in this study grow with a pronounced texture when deposited at
high R.F. target power.

Figure 2(a) shows the impact of the R.F. target power on the
phase composition and microstructure of the NiAl thin films.
Independent of the XRD reflections of the Si wafer substrate (at a
diffraction angle 2θ at 69.132°), all other measured XRD reflections
are attributed to the cubic AlNi phase. The deposited thin films
are, therefore, considered crystalline, single-phase AlNi (or, accord-
ing to the more common nomination in literature, single-phase
NiAl). Independent of the R.F. target power, the deposited thin
films are polycrystalline as all XRD diagrams show reflections of
various lattice planes of the AlNi phase, namely, of (110), (111),
and (211) lattice planes. The measured diffraction intensities of
these signals are, however, different and do not reflect the theoreti-
cally expected intensities distribution according to the ICDD card.
This indicates the growth of the NiAl thin films with preferred ori-
entation. Especially, the diffraction intensities of the (111) lattice
planes are highest for all thin films. It should be noted that the
absolute intensity of the (111) lattice planes is smaller in the case
of the thin film deposited at 500W R.F. target power in compari-
son to that of the thin film deposited at 250W R.F. target power,
which is attributed to a more pronounced inclination of the (111)
grains versus the surface normal. Furthermore, the measured dif-
fraction intensity of the (110) lattice planes is very low in all cases.
A higher R.F. target power, resulting in a higher thin film growth
rate, does not result in their more pronounced formation. On the
other side, the diffraction intensities of the (211) lattice planes
change with variation of the R.F. target power: this diffraction
intensity is highest in the case of low R.F. target power, 100W, and
decreases clearly with increasing R.F. target power. This suggests
that an increase of the R.F. target power to 250 and 500W,

FIG. 1. Scanning electron microscopy images of the fracture cross sections of NiAl single layer thin films: (a) thin film deposited in R.F. mode at 10 000× magnification
and (b) thin film deposited in D.C. mode at 20 000× magnification.
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respectively (while keeping the substrate bias voltage constant at
0 V and the argon gas pressure constant at 0.4 Pa), leads to a
growth of these films with preferred (111) orientation. In the B2
CsCl structure, the most densely packed lattice plane is, however,
the (110) plane not the (111) plane. Nevertheless, under the depo-
sition and growth conditions applied in this work, the preferred
atomic arrangement of the NiAl thin films appears in preferred
growth with (111) oriented grains, especially at higher R.F. target
power of 5.6–11.3W/cm2. This observation is very similar to
results published, for example, by Ding et al.,30 who deposited
equiatomic, polycrystalline, and textured NiAl thin films with B2

structure by R.F. magnetron sputtering with 100–150W R.F. target
power (i.e., 5.1–7.6W/cm2, 80–150 °C substrate temperature, and
0.13–0.2 Pa argon gas pressure) at an argon gas pressure of 0.2 Pa
on amorphous glass substrates. We used Si wafer substrates with an
amorphous SiO2 surface layer and obtained coherent results for the
microstructure of the NiAl thin films. In the case of NiAl thin film
deposition with 100W R.F. target power (i.e., low deposition rate,
low growth rate, and low rate of thin film-forming particles), the
mobility of adatoms is limited, and the simultaneous growth of
(211) oriented grains is observed, resulting in the formation of
polycrystalline NiAl thin films. At higher R.F. target power, 250

FIG. 2. XRD analyses in the Bragg–Brentano mode of magnetron sputtered NiAl thin films on Si wafer substrates in dependence of applied target power: (a) XRD patterns
of R.F. magnetron sputtered thin films, (b) evolution of the (111) reflection of the R.F. magnetron sputtered thin films with applied target power, (c) XRD patterns of D.C.
magnetron sputtered thin films, and (d) evolution of the (211) reflection of the D.C. magnetron sputtered thin films with applied target power. Dotted lines refer to the equi-
librium positions of indicated lattice planes of B2 structured NiAl according to ICDD card No. 00-044-1188. The straight vertical line in (b) and (d) indicates (as a guide to
the eye) the shift of the main diffraction reflection toward higher diffraction angles than specified in the ICDD card for the related equilibrium position.
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and 500W (i.e., higher deposition rate, higher growth rate, higher
rate of thin film forming particles, and thus, possibly slightly
enhanced substrate temperature and enhanced surface diffusion of
adatoms), the growth of NiAl thin films with preferred (111) orien-
tation is energetically favored.

All XRD reflections are relatively sharp and exhibit values for
the FWHM in the range of 0.2113°–0.3226° and are symmetric. A
more detailed evaluation of the crystallite size on basis of the
Debye–Scherrer formula is, however, not appropriate on this data
basis. A very tiny shift of the diffraction signals to higher diffrac-
tion angles as specified for the theoretical position in the ICDD
card can be seen in Fig. 2(a). This situation is illustrated in more
detail in Fig. 2(b), showing an extract of the XRD data over a
small 2θ angular range around the (111) orientation of AlNi. It is
obvious that the XRD reflections of the NiAl thin films are indeed
shifted by approximately 0.4° toward a higher diffraction angle,
which is a little bit more pronounced in the case of the thin film
deposited at the highest R.F. target power, 500W. The estimation
of the lattice constant a of the NiAl phase on the basis of all mea-
sured XRD reflections leads to a value of 0.2877 nm, identical for
all three thin films and independent of the R.F. target power.
These values are, however, smaller than the theoretical value of
0.2888 nm as specified in the ICDD card. This deviation can be
correlated with the probably less dense thin film microstructure
and with an impact of thin-film contamination as described above
and would correspond with the existence of a tensile stress state
in the films. This is in accordance with the cited structure zone
model.

The XRD patterns of the D.C. magnetron sputtered NiAl thin
films in dependence on the applied target power are shown in
Fig. 2(c). Again, all XRD reflections attributed to the sputtered thin
film reflections can be assigned to the cubic AlNi phase. The thin
films are, thus, crystalline, single-phase NiAl. Independent of the
applied D.C. target power, the thin films are polycrystalline. Their
XRD patterns show reflections of various lattice planes of the NiAl
phase, namely, of (100), (110), (111), (200), and (211) lattice
planes. The measured diffraction intensities of these signals are
again different and do not reflect the theoretically expected intensi-
ties distribution according to the ICDD card. This suggests a
growth of these NiAl thin films with preferred (211) orientation,
especially at higher D.C. target power. Indeed, the diffraction inten-
sities of the (211) lattice planes increase clearly with increasing
D.C. target power and are the highest of all recorded reflections.
Different from the R.F. magnetron sputtered NiAl thin films, those
deposited by D.C. magnetron sputtering exhibit in their XRD pat-
terns reflections of the (110) lattice planes, but it is obviously (i.e.,
under the applied deposition and growth conditions) not the domi-
nating or energetically most preferred lattice plane. The deposition
at higher D.C. target power leads to a growth of these NiAl thin
films in the preferred (211) orientation. The microstructures
reported here for the D.C. magnetron sputtered thin films are in
good agreement with those reported for D.C. magnetron sputtered
pure NiAl and moderately (Hf) alloyed NiAl thin films.32,110

The XRD reflections of the D.C. magnetron sputtered thin
films are broader compared to those of the R.F. magnetron sput-
tered thin films and exhibit values for the FWHM in the range of
0.7845°–1.2944° and are all symmetric. The FWHM values decrease

with increasing applied D.C. target power. As the target power
increases, the electron bombardment at the substrate increases in
the D.C. mode because the charge carrier density increases and so
does the electron saturation current density. Furthermore, more
film-forming particles condense on the substrate per area and time,
resulting in more heat of condensation per time. Both effects lead
to a higher substrate temperature. The XRD reflections show a
small shift toward higher diffraction angles (compared with the
data in the related ICDD card). This is shown in more detail in
Fig. 2(d), showing an extract of the XRD data over a small 2θ
angular range around the (211) orientation of AlNi. The XRD
reflections of the NiAl thin films are indeed shifted by approxi-
mately 0.5° toward a higher diffraction angle, independent of the
applied D.C. target power. The lattice constant a of the NiAl phase
is estimated on the basis of the measured (211) XRD reflections
and is 0.2876 nm, constant for all three thin films, and independent
of the D.C. target power. These values are again smaller than the
theoretical values specified in the ICDD card and correspond again
with the existence of a tensile stress state in the films, which is in
agreement with the cited structure zone model again. The lattice
parameter (and the elemental composition) of the magnetron sput-
tered NiAl thin films in this study is not affected by the operation
mode of the sputtering target, while this has a significant impact
on the crystalline structure, i.e., growth with a preferred orientation
of these thin films.

Further details on the microstructure of the NiAl thin films
are derived from transmission electron microscopy investigations of
cross sections of thin films deposited on Si wafer substrates.
Figure 3 shows exemplary results for a NiAl thin film deposited in
the R.F. magnetron sputtering mode at 250W. The BF image in
Fig. 3(a) shows a very fine-scale, homogeneous, dense, and colum-
nar microstructure over the entire thin-film cross section. The
fine-scale columns show only very small, random tilting versus the
surface normal vector, possibly a bit more pronounced in the inter-
face zone close to the Si substrate. This can be associated with the
nucleation and growth of the cubic (111) oriented NiAl phase on
the amorphous SiO2 layer on the Si wafer substrate, at a fast growth
rate of ∼1.5 nm/s. Two selected areas for diffraction, one in a more
surface-near region (bI) and one close to the substrate (bII) of the
thin film, are marked by dashed white circles in the BF image.
The SAED patterns for both regions are presented in Fig. 3(b). The
upper part corresponds to the region bI and the lower to bII,
respectively. These two SAED patterns are similar for both areas
with a pronounced (110) ring and weaker (200) and (211) rings.
The (111) is hardly visible, except at the top of the ring, which
indicates the growth direction and is consistent with the XRD mea-
surements. On the brightest (110) ring, locally accumulated intensi-
ties are strong evidence for texture. This texture appears more
pronounced in the upper SAED than in the substrate-near one,
where the intensity distribution over the ring is more smeared out
with less distinct reflections. This fact is an indication of smaller
column sizes close to the substrate.

The DF image in Fig. 3(c) is acquired on the (110) ring of the
SAED pattern. The brighter areas represent the crystallites of the
same orientation. Contrast inhomogeneities within the columns are
caused by high densities of crystal defects and consequent local ori-
entation changes inside the columns. We estimated an average
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column size of 23 ± 9 nm. Figure 3(d) presents a high-resolution
TEM (HRTEM) image showing a larger column in the center of
the image, which can be recognized by its homogeneous contrast
values. There are well-aligned lattice fringes inside this grain with
local inhomogeneities like crystal defects. In order to reveal the
lattice fringes which are parallel to the interface, we transform the
HRTEM image into reciprocal space (fast Fourier transformation,
FFT). Similar to dark-field imaging, we mask the 011 reflections
and apply an inverse FFT. The IFFT image in Fig. 3(e) reveals the
lattice periodicity and coherency in bright contrast and crystal
defects and strain fields in dark contrast values. Although we see
an insight into one column here, the contrast is relatively dark
because of a relatively high density of crystal defects like disloca-
tions, which can be recognized directly in the IFFT image. The

estimation of the lattice parameter a of the NiAl phase on the basis
of the lattice plane distance evaluation with the HRTEM image
leads to a value of 0.2877 nm and matches exactly the results of the
XRD analyses.

B. TiBx single layer thin films

TiBx single layer thin films were magnetron-sputter deposited
with a target power of 250W, supplied in both D.C. and R.F. opera-
tion modes (at 0 V substrate bias and at an argon gas pressure of
0.4 Pa). The elemental composition of the TiBx thin films deposited
on Si wafer substrates is presented in Table III.

The TiBx thin films exhibit Ti and B as major constituents
and low contamination by nitrogen, carbon, oxygen, and argon

FIG. 3. TEM analysis of an R.F. magnetron sputtered NiAl thin film on Si wafer substrates after cross-sectional TEM sample preparation: (a) BF image with an indication
of the thin film growth direction and the aperture positions used for electron diffraction in areas marked by dashed white circles, (b) SAED patterns of the two areas
marked in (a), and indexing of major crystallographic orientations, (c) DF image, (d) HRTEM image, and (e) IFFT image of the area marked in (d) by white dashed lines.
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(the sum of these atomic concentrations is 2.2–2.5 at. %), indepen-
dent of the target operation mode. The concentrations of titanium
and boron are 26.2–26.9 and 70.9–71.3 at. %, respectively, leading
to a B/Ti concentration ratio of 2.64 for D.C. magnetron sputtered
thin films and 2.72 for R.F. magnetron sputtered thin films. In con-
sequence, the TiBx thin film composition is independent of the
deposition process (under the conditions used in this work) and
shows a significant deviation in stoichiometry in comparison to the
theoretical values of bulk TiB2 (and to the sputtering target). The
thin films are precisely nominated TiB2.64 and TiB2.72 but are
referred to as TiBx in this paper (except of cases, when a special
thin film is considered). More specific, the TiBx thin films are sig-
nificantly Ti-deficient and exhibit a moderate B-excess concentra-
tion. Such deviation from perfect stoichiometry in magnetron
sputtered TiB2 thin films has often been reported in the literature
(as outlined in Refs. 4 and 111 and other references cited in this
article) and has been related with specific magnetic field configura-
tions used in magnetron sputtering processes.46 The correlation
between elemental composition and thin-film microstructure is dis-
cussed further in this section after the presentation of SEM, XRD,
and TEM data.

Figure 4 presents the fracture cross-sectional SEM images of
two TiBx layer thin films deposited with a target power of 250W
(by both R.F. and D.C. magnetron sputtering) on Si wafer sub-
strates. The morphologies of the cross-sectional areas and the

surface topographies of both TiBx thin films are very homogeneous
and smooth. There is no indication of larger pores and growth
defects, and columnar grains cannot be identified on this scale of
imaging. The fracture cross-sectional areas are featureless and
dense. The target operation mode obviously has no impact on the
morphology of the fracture cross section. Both types of TiBx thin
films show an identical fracture behavior (in this undefined fracture
situation). Regarding the substrate temperature, the melting tem-
perature of TiB2, and the gas pressure of 0.4 Pa (3 mTorr), the thin
film morphology is again expected to be characteristic for a zone 1
structure of the structure zone model of Thornton.109 However,
this is not confirmed a priori by the SEM cross-sectional images.

Results of phase and microstructure analyses obtained from
x-ray diffraction investigations on both D.C. and R.F. magnetron
sputtered TiBx single layer thin films on Si wafer substrates are
summarized in Fig. 5. The recorded XRD data were compared with
the standardized data available in the ICDD database. The general
observation is that the deposited thin films are crystalline, single-
phase, and strongly textured with (001) orientation. All XRD reflec-
tions attributed to the TiBx thin films can be assigned to the hexag-
onal TiB2 phase as specified in the ICDD card No. 00-035-0741.
Such microstructure and thin-film growth in (001) orientation has
been frequently reported for magnetron sputtered TiBx thin films
with pronounced over-stoichiometries and various B/Ti concentra-
tion ratios, especially for films deposited with conventional

TABLE III. Elemental composition of magnetron sputtered single layer TiBx thin films deposited with a target power of 250 W, supplied in both R.F. and D.C. modes. The ele-
mental composition was measured with EPMA.

Ti (at. %) B (at. %) C, N, O, and Ar (at. %) B/Ti Notation

250W R.F. 26.2 71.3 2.5 2.72 TiB2.72
250W D.C. 26.9 70.9 2.2 2.64 TiB2.64

FIG. 4. Scanning electron microscopy images of the fracture cross sections of TiBx single layer thin films deposited with a target power of 250 W: (a) TiB2.72 thin film
deposited in R.F. mode, 20 000× magnification and (b) TiB2.64 thin film deposited in D.C. mode, 10 000× magnification.
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magnetron configurations (see, for example, Refs. 4 and 111–113
and other references cited in this article).

Figure 5(a) shows the XRD patterns of the R.F. and D.C. mag-
netron sputtered thin films, shifted vertically along the y axis. XRD
reflections of both the thin films and the Si wafer substrate are
present in both cases. All reflections of the thin films can be
assigned with the hexagonal TiB2 structure, with (001) and (002)
lattice planes, indicating a crystalline, single-phase, textured struc-
ture of both types of TiBx thin films. The absolute intensities of the
diffraction patterns are significantly higher for the D.C. magnetron
sputtered thin films, which may be explained by a tilting of the
grains versus the surface normal vector (as indicated below in the
bright-field TEM image in Fig. 6). The (001) and (002) reflections
are sharp and symmetric with FWHM values of 0.2308° and
0.2343° for the D.C. and R.F. magnetron sputtered thin films,
respectively. Furthermore, the XRD reflections show a small shift to
higher diffraction angles compared with the data in the related
ICDD card [see Fig. 5(b)]. This shift is in the range of 0.4°–0.6°
and is more pronounced in the case of the D.C. magnetron sput-
tered thin films. Due to the strong texture formation in both types
of films, no statement is possible on lattice parameter a, and only
lattice parameter c can be estimated. The values for c are 0.3198 nm
in the case of the R.F. magnetron sputtered thin films and
0.3188 nm in case of the D.C. magnetron sputtered thin films.
These values are smaller than the theoretical value specified in the
ICDD card (0.3232 nm) and suggest a tensile stress state in both
types of thin films. This corresponds with the above described
Ti-deficient thin-film stoichiometries. Roughly speaking, the lattice
parameter and the elemental composition of the magnetron sput-
tered TiBx thin films in this study are not affected by the operation
mode of the sputtering target, while this has some impact on the
crystalline structure of these thin films.

The microstructure of the TiBx thin films is further investi-
gated by transmission electron microscopy. Figure 6 presents
exemplarily results of the TEM analysis of a cross-sectional sample
of a D.C. magnetron sputtered TiB2.64 thin film on a Si wafer
substrate.

The BF image [Fig. 6(a)] indicates a dense, homogeneous
fine-scale columnar microstructure. The columns are well aligned
from the interface to the substrate to the thin film surface, slightly
tilted versus the substrate surface normal vector, and no interco-
lumnar voids or other features are visible. The area in the center of
the thin film, marked with the dashed white circle, was chosen for
TEM diffraction. The corresponding SAED pattern [Fig. 6(b)]
shows pronounced, very sharp diffraction spots characteristic of a
polycrystalline, strongly textured thin film microstructure with
clearly aligned individual crystallites. The dominating diffraction
spots stem from the (001) and (010) oriented lattice planes of the
hexagonal TiB2 crystal of space group P6/mmm [191]. These
results are in agreement with the XRD results discussed above.
Figure 6(c) shows a DF image, which confirms the dense, homoge-
neous fine-scale textured microstructure with well-aligned crystal-
lites of identical orientation with an average size of 17 ± 5 nm. The
HRTEM image [Fig. 6(d)] contributes to this interpretation in
more detail. Over the entire area, the thin film exhibits a homoge-
neous, well-developed crystallinity with clearly defined and
arranged lattice fringes of the hexagonal TiB2 lattice. Various crys-
tallites are visible, and the grain boundaries seem to be not amor-
phous. It can be seen that the grain boundary regions are
somewhat disordered but two neighboring grains show pronounced
orientation relations and lattice fringes extending across the grain
boundaries. Figure 6(e) shows an IFFT image of the area marked
by white dashed lines in Fig. 6(d), describing a TiB2 crystallite and
its neighboring areas. The IFFT image shows a perfect stacking of
lattice fringes of the hexagonal TiB2 lattice in bright contrast (view
in the direction of the c axis of the hexagonal lattice) and boundary
regions in darker contrast. In these dark regions, we can see dislo-
cations, forming small-angle grain boundaries between the strongly
textured columns. Without more advanced methods, we cannot
further specify which element is represented by the bright and dark
layers, but we point out the strong periodicity of the stacking
sequence of these fringes in the center of the figure (we note explic-
itly, that deeper insight into the understanding of the nature of
the grain boundaries would require further plan-view TEM

FIG. 5. XRD analyses in the Bragg–Brentano mode of magnetron sputtered TiBx thin films on Si wafer substrates in dependence of the target operational mode: (a) over-
view of XRD patterns of R.F. and D.C. magnetron sputtered thin films and (b) evolution and shifting of the (001) reflection of the thin films with the changing target opera-
tion mode. Dotted lines refer to the equilibrium positions of indicated lattice planes of hexagonal TiB2 according to ICDD card No. 00-035-0741.
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investigations). The lattice parameter c can roughly be estimated
from this image and is approximately 0.32 nm, which is very close
to the theoretical value of TiB2. This c axis value is slightly larger
than the value derived from XRD data, but we should take into
account that the column might not be perfectly aligned with
respect to the electron beam, and we see only the projection of the
lattice. Overall, we see a good agreement between the XRD and
TEM data in this study.

Dislocations have only recently been reported in moderately
substoichiometric TiB1.9 thin films, deposited by unbalanced mag-
netron sputtering methods. Palisaitis et al.83 explained the micro-
structure of such TiB1.9 thin films with very high crystalline quality
through the accommodation of their substoichiometry by the for-
mation of stacking faults of the TiB2 lattice. It should be noted that

such high-quality thin films were deposited at 900 °C on alumina
substrates, resulting in an epitaxial relationship between the sub-
strate and TiB1.9 thin films.83 Thin films deposited at low substrate
temperature and on other substrate materials, as in this study,
exhibit a necessarily much higher degree of defects and disorder.4,18

For conventional magnetron sputtered, significantly over-
stoichiometric TiBx thin films, Mayrhofer et al.45 have suggested a
structural model based on a crystalline TiB2 phase surrounded by
an amorphous-like boron-rich grain boundary phase. These two
types of microstructures for TiBx thin films (i.e., with and without
pronounced grain boundaries phases and local atomic arrangement
of the diboride crystal structure) will have a strong impact on the
macroscopic thin film properties, for example, on mechanical prop-
erties and on deformation of these materials under mechanical

FIG. 6. TEM analysis of a D.C. magnetron sputtered TiB2.64 thin film on Si wafer substrates after cross-sectional TEM sample preparation: (a) BF image with an indication
of the thin film growth direction and the aperture position used for electron diffraction in the area marked by the dashed white circle, (b) SAED patterns of the area marked
in (a), and indexing of major crystallographic reflections, (c) DF image, (d) HRTEM image, and (e) IFFT image of the area marked in (d) by white dashed lines.
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loads, which has, for example, been demonstrated by Bakhit et al.62

for diboride thin films in the Zr–Ta–B system by tailoring the thin
film microstructure via described tools such as B/metal concentra-
tion, utilization of ionized and atomic species in pulsed deposition
and further appropriate process and growth conditions. With
respect to the discussed elemental composition and stoichiometry,
the TiBx thin films of this study should fit the structure model of
Mayrhofer et al.45 very well. The reported TEM results (Fig. 6),
however, could suggest a structure more in between the two
models, as a pronounced grain boundary phase and structure
cannot be derived from the presented data. The Ti-deficiency of
the TiBx thin films is not unexpected for low-temperature deposi-
tion in conventional magnetron sputtering and under conditions
applied in this study (i.e., low substrate temperature, no ion bom-
bardment during film growth, target to substrate distance in the
same order of magnitude as the mean free path length) and is in
agreement with a detailed study carried out by Neidhardt et al.50

This Ti-deficiency should correspond with vacancies in the hexago-
nal close-packed Ti planes of the TiB2 lattice, while the moderate
B-excess in the films would fit the Mayrhofer model (i.e., the exis-
tence of a B-rich grain boundary phase) but possibly not the simu-
lations of Kalfagiannis et al.,64 suggesting the possibility of excess
boron at interstitial sites of the hexagonal Ti layers. Due to the tex-
tured microstructure of the discussed TiBx thin films, lattice param-
eter a cannot be evaluated here, and lattice parameter c is only
moderately smaller compared to the theoretical value of the stoi-
chiometric, unstrained TiB2 lattice. Consequently, a more precise
statement on the existence and nature of a grain boundary phase in
our thin films and on their microstructure would only be possible
on the basis of additional TEM investigations of in-plane prepared
samples and elemental analyses of such samples with high
resolution.

C. NiAl/TiB2 multilayer thin films

The multilayer thin films in this work were deposited by
sequential deposition under the NiAl and TiB2 sputtering targets
by using an appropriate shutter technique and a substrate table
movement in a stop-and-go modus with defined holding times
under the respective targets. Both targets were powered with
250W, both in D.C. and R.F. operation modes (while the argon gas
pressure was 0.4 Pa, and the substrate bias was 0 V). The architec-
ture of the NiAl/TiBx multilayers was varied with regard of the
individual layer thickness and the bilayer period. These architec-
tures cover a microscale design (with an individual layer thickness
of 500 nm for both NiAl and TiBx layers) and as well two types of
nanoscale designs. One is built upon NiAl and TiBx layers with
nearly equal individual thickness values in the range of 70 ± 5 nm,
while the other refers to a multilayer design with a larger volume
fraction of the pure metallic layer (NiAl) and a lower volume frac-
tion of the ceramic-like layer, TiBx. In the latter case, the thickness
of the NiAl layer was chosen as 70 ± 5 nm, and that of the TiBx
layer was 50 ± 5 nm. This approach reflects the fact that microstruc-
ture formation and properties in multilayer thin films depend both
on the volume fraction and microstructure of the constituent, indi-
vidual phases, and materials (i.e., their grain and phase boundaries)
and on the interface volume and design (i.e., atomic arrangement

at the interfaces). Nanoscale multilayers with appropriate design
and combination of different layer materials should show enhanced
ductility and reduced brittleness due to several effects: crack deflec-
tion, crack splitting, and dissipation of crack energy at interfaces.
Especially, the interface, phase, and grain boundaries atomic
arrangement will contribute to such advanced tough and durable
PVD thin film materials. Furthermore, the potential impact of the
target operation mode was addressed in this work by switching
both the R.F. and D.C. supplies in an experiment on multilayer
thin films with the largest bilayer period. The deposition conditions
and design of the NiAl/TiBx multilayer thin films are summarized
in Sec. II, Table I.

Considering that the process parameters utilized for the multi-
layer thin film preparation are identical to those used for the synthesis
of the single layer thin films, the individual layers of the multilayer
thin films should grow in a microstructure very similar to the corre-
sponding NiAl and TiBx single layers. However, it has to be noted
that (apart from the first layer of the multilayer composites) a NiAl
layer is now always grown on a TiBx layer, and a TiBx layer is always
grown on a NiAl layer. Thus, the microstructure formation and crys-
tallographic orientation of the individual layers can be influenced by
coherency strains and stresses forming at the respective interfaces and
phase boundaries. The microstructure in general and the interfaces
between the NiAl and TiBx layers of the multilayer thin films are sub-
sequently described by XRD and TEM investigations.

Figure 7 summarizes the results of phase and microstructure
analyses obtained from XRD investigations for the multilayer thin
films specified in Table I, deposited on Si wafer substrates. The
XRD data were compared with the standardized data of the ICDD
database as mentioned in Secs. III A and III B. Generally, the mul-
tilayer thin films are all crystalline and their diffraction patterns
exhibit reflections that can be assigned to both NiAl and TiB2

FIG. 7. XRD analyses in the Bragg–Brentano mode of magnetron sputtered
NiAl/TiBx multilayer thin films on Si wafer substrates in dependence of the depo-
sition conditions and systematics outlined in Table I. Dotted lines refer to the
equilibrium positions of indicated lattice planes of both cubic NiAl and hexagonal
TiB2 phases according to ICDD card Nos. 00-044-1188 and 00-035-0741 for
AlNi and TiB2, respectively.

ARTICLE avs.scitation.org/journal/jva

J. Vac. Sci. Technol. A 40(3) May/Jun 2022; doi: 10.1116/6.0001734 40, 033410-13

Published under an exclusive license by the AVS

https://avs.scitation.org/journal/jva


phases according to the ICDD card Nos. 00-044-1188, and
00-035-0741, respectively.

First, we compare the multilayer thin films of type A and type
B. In these cases, both layer materials have an individual thickness
of 500 nm, resulting in a bilayer period of 1000 nm (and a NiAl:
TiBx layer thickness ratio of 1). The difference between the two
multilayers is the operation mode of the NiAl and TiB2 sputtering
targets: for the deposition of multilayer type A, the NiAl target was
operated in R.F. mode and the TiB2 target in D.C. mode. This elec-
trical circuit situation was reversely switched for the deposition of
multilayer type B (i.e., the NiAl target was operated in D.C. mode
and the TiB2 target in R.F. mode). The XRD patterns of these mul-
tilayer thin films are very similar and show only minor differences
in the intensities of the recorded diffraction reflections. The multi-
layer thin films are crystalline and consist of two phases.
Diffraction reflections of both the AlNi and the TiB2 phases are
evident (according to the above specified ICDD cards). In the case
of the titanium diboride, reflections of the (001) and (002) lattice
planes are visible with high intensities. No other diffraction reflec-
tions are observed for the hexagonal TiB2 structure. Like for the
TiBx single layer thin films, this speaks for a strong texturing of
the microstructure of the TiBx layers in the multilayer thin films. In
the case of the intermetallic phase NiAl, reflections are observed
for the (110), (111), and (211) lattice planes of the CsCl structure.
Different from the observations made on the XRD patterns for the
NiAl single layer thin films, reflections of the (111) lattice plane do
not occur with the highest intensity in the multilayer thin films. In
consequence, the AlNi layers in these two multilayer thin films are
polycrystalline without a tendency to grow with preferred orienta-
tion. It can be further concluded that the target power configura-
tion (and, thus, in a broader sense the plasma-physical conditions
of the layer deposition) does not result in differences in the micro-
structure of these multilayer thin films.

Next, we compare the multilayer thin films, type B and type
C. Now, both layer materials were deposited with identical target
operation modes (i.e., the NiAl target was operated in D.C. mode
and the TiB2 target in R.F. mode). Multilayer thin-film type B has a
nanoscale design with individual layer thickness values of
70 ± 5 nm for each layer material (which may still, roughly be con-
sidered as a NiAl:TiBx layer thickness ratio of 1 and a bilayer
period of 140 nm) and has, therefore, many more phase boundaries
than the multilayer type A for identical multilayer thickness. The
transition in multilayer architecture from the microscale (multilayer
type B) to the nanoscale (multilayer type C) has a clear impact on
the microstructure of the multilayer thin films. Again, the multi-
layer thin film type C is crystalline and consists of two phases, as
indicated by diffraction reflections of both the AlNi and the TiB2
phases. In the case of the titanium diboride, reflections of the (001)
and (002) lattice planes are visible again but with significantly
lower intensities as in the case of multilayer type B. However, these
XRD reflections observed for multilayer type C are not shifted in
their angular position while their FWHM values are slightly
increased (compared to multilayer type B). Thus, the TiBx layers in
the nanoscale multilayer thin films grow with a tendency toward a
textured microstructure. In the case of the NiAl phase, the x-ray
diffraction patterns show diffraction reflections of the (110), (111),
and (211) lattice planes of the CsCl structured NiAl. Thus, the

NiAl layers in multilayer type C are polycrystalline, and the diffrac-
tion intensities of the (110) oriented crystallites are highest. This
suggests that the growth of the NiAl layers in the nanoscale multi-
layers is also different from that observed for the microscale
multilayers.

Finally, multilayers with designs, type C and type D, are com-
pared. In this consideration, both layer materials were deposited
again with the identical target operation mode (i.e., the NiAl target
was operated in D.C. mode and the TiB2 target in R.F. mode). Both
multilayer thin films have a nanoscale design. According to Table I,
multilayer thin-film type D has nearly the same NiAl layer thick-
ness as multilayer thin film C, 75 nm, while the individual layer
thickness of the TiBx layer is reduced to 45 nm, resulting in a NiAl:
TiBx layer thickness ratio of 1.6 and a bilayer period of 120 nm. In
consequence, the volume fraction of the TiB2 phase in the multi-
layer stack is significantly reduced and the number of phase bound-
aries is increased in multilayer type D (compared to multilayer type
C and for identical multilayer thickness). The x-ray diffraction pat-
terns of the nanoscale multilayer thin film type D indicate again its
crystalline, multiphase structure. Diffraction reflections of both
NiAl and TiB2 are recorded again. In the case of the titanium
diboride, diffraction reflections of the (001) and (002) lattice planes
of the hexagonal TiB2 phase are observed, and the XRD patterns of
multilayers type D and type C are very similar. There is no shift of
these XRD reflections in their angular position, and their FWHM
values are nearly unchanged while the diffractions intensities of the
(001) and (002) reflections are further reduced (compared to multi-
layer B). In the multilayer type D stack, the TiBx layers grow with a
preferred orientation. In the case of the NiAl phase, the x-ray dif-
fraction patterns show diffraction reflections of the (110) and (211)
lattice planes of the CsCl structured NiAl. A diffraction reflection
of the (111) lattice plane is not observed anymore. The NiAl layers
in multilayer type D are polycrystalline, and the diffraction intensi-
ties of the (110) oriented crystallites are the highest. The diffraction
signals do not shift in their angular positions, and their FWHM
values remain unchanged (compared to multilayer type C). This
suggests that the nanoscale thin-film architecture has an impact on
the growth and microstructure of both individual layer materials.

Figure 8 shows results of the TEM examination of a cross-
sectional sample of a NiAl/TiBx multilayer thin film of type A,
deposited on a Si wafer substrate with 500 nm thick R.F. magnetron
sputtered NiAl layers and 500 nm thick D.C. magnetron sputtered
TiBx layers. Figure 8(a) shows a STEM-HAADF image which cor-
responds via the mass contrast very well with a periodically stacked
sequence of two-layer materials, NiAl and TiBx. The NiAl layers
appear bright due to higher mass compared with the dark TiBx
layers. The intended multilayer design can be recognized, i.e., the
individual layers are well aligned, parallel to the substrate, and
show only small deviations from a flat topography. Especially, the
interfaces between the two layer materials (the phase boundaries)
are sharp and pronounced. The BF image in Fig. 8(b) confirms this
observation and reveals a columnar morphology for both layer
materials. The columnar structure appears slightly coarser in the
case of the NiAl layers. Nevertheless, both individual layer materials
show a relatively dense and homogeneous structure. Some columns
in both layers are tilted by a small angle versus the surface normal
vector, while the majority of columns grow nearly perpendicular on
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the layer beneath. One could even suggest seeing in each NiAl layer
a transition zone of some 10 nm extension at the interfaces to the
TiBx layer beneath when the new condensing layer starts to grow
with a finer columnar structure (which evolves with thickness to a
coarser one). The DF images in Fig. 8(c) may support this observa-
tion; however, the evaluation of the images is not straightforward
due to changes in the orientation of the crystallites in the growth
direction, influencing the contrast situation. Figure 8(c) consists of
two DF images, marked by CI and CII, respectively. The image CI is
related to an image of the TiBx layers and reflects the more
uniform alignment of the TiB2 crystallites. This corresponds with
the discussed textured growth of the TiBx layers, and it is in good

agreement with the TEM results shown in Fig. 6 for the R.F. mag-
netron sputtered TiBx single layer thin films. The image CII is
related to an image of the NiAl layers and shows less bright crystal-
lites, corresponding well with the growth of these layers in a poly-
crystalline structure without preferred orientation, as discussed
above. Also, in this image, a small area at (and along) the interface
can be seen, where the growth of these layers may be slightly differ-
ent. This observation is becoming more clear and more visible with
the HRTEM image shown in Fig. 8(d). Both layer materials are well
crystallized at the interface area (which is shown by a white dashed
line), and the lattice planes seem to cross over the interface, also
suggesting a defined crystallographic orientation relation of the two

FIG. 8. TEM analysis of a NiAl/TiBx multilayer thin film of type A according to the description in Table I, with 500 nm thick R.F. magnetron sputtered NiAl layers and
500 nm thick D.C. magnetron sputtered TiBx layers on Si wafer substrates after cross-sectional TEM sample preparation: (a) STEM-HAADF image showing mass contrast
resolution of the periodical stack of the individual layer materials, (b) BF image, (c) DF image, split into two parts CI and CII, referring to TiB2 and NiAl related areas of the
corresponding SAED patterns (not shown), (d) HRTEM image of an interface area between NiAl and TiBx layers, and (e) IFFT image of the area marked in (d) by white
dashed lines.

ARTICLE avs.scitation.org/journal/jva

J. Vac. Sci. Technol. A 40(3) May/Jun 2022; doi: 10.1116/6.0001734 40, 033410-15

Published under an exclusive license by the AVS

https://avs.scitation.org/journal/jva


layer materials at the phase boundaries. Figure 8(e) is an IFFT
image of the area marked by white dashed lines in Fig. 8(d). The
bright areas correspond to single columns, separated by the darker
boundaries in this image. Qualitatively the TiBx layer exhibits
larger columns than the NiAl layer in this region. This fact might
be a consequence of the growth direction and the usually smaller
columns at the interface, becoming larger toward the top of the
coating.

Results of the TEM investigation of a cross-sectional sample of
a NiAl/TiBx multilayer thin film type C on Si wafer substrate are
presented in Fig. 9. This thin film has a nanoscale design with a
bilayer period of 140 nm, and the two individual layers exhibit a
very similar thickness, i.e., 65 nm for NiAl and 75 nm for TiBx,

respectively. The NiAl layers were D.C. magnetron sputtered, the
TiBx layers R.F. magnetron sputtered. The BF image in Fig. 9(a)
shows a very homogeneous, periodical stacking sequence of the two
layer materials NiAl (dark contrast) and TiBx (bright contrast).
This multilayer thin film is again grown without large microscale
defects or voids, for example. The individual layers are well aligned
to each other, parallel to the substrate surface, and show only
locally some waviness. The interfaces between the two layer materi-
als (the phase boundaries) seem to be sharp and pronounced. Both
layer materials are grown in a columnar structure, and the columns
in both layer materials show a relatively homogeneous tilting angle
versus the surface normal vector (which may be associated at least
to a larger part with the sample position in relation to the

FIG. 9. TEM analysis of a NiAl/TiBx multilayer thin film of type C according to the description in Table I, with 65 nm thick D.C. magnetron sputtered NiAl layers and 75 nm
thick R.F. magnetron sputtered TiBx layers on Si wafer substrates after cross-sectional TEM sample preparation: (a) BF image, (b) DF image, (c) BF image at a higher
magnification than in (a), (d) HRTEM image of an interface area between NiAl and TiBx layers, and (e) IFFT image of the area marked in (d) by white dashed lines.
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sputtering target during thin film deposition). Furthermore, the
TiBx layers’ columnar morphology seems coarser in this multilayer
thin film in comparison to that of the TiBx layers in multilayer type
A [see Fig. 8(b)]. At the same time, the columnar morphology of
the NiAl layers in multilayer type C is not different from that in
multilayer type A. The DF image in Fig. 9(b) significantly confirms
the larger and less textured columns in the NiAl layers compared
to the TiBx layers. Figure 9(c) shows another BF image, at higher
magnification, taken from another area of the multilayer thin film.
This image contributes to all before-given statements, and it shows
a very fine-scale structure of both layer materials. The structure of
the TiBx layers is smoother than that of the NiAl layers, and it is
more homogeneous. This corresponds with the XRD results dis-
cussed above (Fig. 7), suggesting smaller crystallites for TiBx layers
but still a tendency to grow in a (001) oriented structure. The
image of the NiAl layers is less homogeneous according to its poly-
crystalline structure. In all NiAl layers, one can observe an area
around the interfaces to the TiBx layers beneath, where the struc-
ture of the NiAl layers seems smoother than in the volume region
of the layers. This area has a relatively constant extension over a
distance of a few nanometers, and its nature should be related to
the nucleation and growth of the new layer on the template layer
below. Considering the dimensions of the unit cell of B2 CsCl
structured NiAl phase with cubic lattice, this area may span over
approximately 10 unit cells. Such an area of a slightly different
structure is also visible in each TiBx layer at (and along) the inter-
face to the NiAl layers beneath (as indicated by a small area appear-
ing with brighter contrast compared to the center region of the
layers). This area shows an extension over a distance of a few nano-
meters from the interface again and would span over a few unit
cells of the hexagonal structured TiB2 phase with hexagonal lattice.
In conclusion, the interface regions in this multilayer thin film of
type C are similar or only slightly different in comparison with
those in multilayer thin films of type A. This is supported by the
HRTEM image in Fig. 9(d). This image reveals a very homoge-
neous, dense crystalline structure of the TiBx layers with well-
aligned lattice fringes and without disturbing grain boundary
regions, as well, a dense, homogeneous polycrystalline structure of
the NiAl layer. Both layer materials are well crystallized at the inter-
face area (which is indicated again by a white dashed line), and
some lattice fringes seem to cross over the interface, suggesting a
defined crystallographic orientation relation of the two layer mate-
rials at the phase boundaries again. Figure 9(e) presents the IFFT
image of the area marked by white dashed lines in Fig. 9(d). Like
in the case of the multilayer type A with microscale dimensions,
the TiBx layer in this multilayer with nanoscale dimensions is well
crystallized and only slightly strained, showing few dislocation
lines. The NiAl layers orientation is locally well aligned with the
TiBx layer and exhibits more dark boundary regions since small
columns start growing at the interface.

A closer insight into the thin films’ chemical nature, especially
at the interfaces of a NiAl/TiBx multilayer of type C, is available via
the combined EDX-EELS line scan shown in Fig. 10. This line scan
shows the elemental composition and distribution over a few layers
and reflects very well the main statements made before. It shows at
first a very precise and periodical distribution of the major elements
Ni, Al, Ti, and B. Especially, the interface regions are chemically

sharp as claimed for in the materials science-based and experimen-
tal approach of multilayer thin-film design and synthesis. Figure 10
shows further that the individual layers consist of their constituting
elements only, i.e., a NiAl layer is composed of elements Ni and Al,
and a TiBx layer is composed of elements Ti and B. There is no
cross-contamination of the layers by other elements and, therefore,
no chemical disturbance of the individual layer structures. In con-
clusion, the above discussed structural effects observed at the inter-
faces of the multilayer thin films of both types A and C are not
impacted by chemistry (and are then related to lattice plane orien-
tations and variations in lattice parameters and lattice plane dis-
tances of the two layer materials according to their individual
stoichiometries). Figure 10 further confirms the individual stoichi-
ometry of the individual layer materials, corresponding closely with
TiBx and NiAl stoichiometry as discussed in the case of the respec-
tive single layer thin films (and measured by electron probe micro-
analysis). The relatively high oxygen content is caused by oxidation
of the TEM sample and the poor accuracy of light elements’ quan-
tification EDX data due to the relatively poor X-ray yield of
oxygen, overlapping edges in the low-energy region, complex back-
ground conditions, and theoretically determined k-factors as the
quantification’s base. The EELS quantification of oxygen was not
satisfying because the features of the Ti-L edge were overlapping
with the O-K edge.

Figure 11 collects the results of the TEM analyses of a cross-
sectional sample of a NiAl/TiBx multilayer thin film on Si wafer
substrate of type D with a modified nanoscale architecture (i.e., the
intermetallic layer NiAl is here thicker, 75 nm, than the TiBx layer,
45 nm, while the bilayer period is very similar to that of the before

FIG. 10. Combined EDX-EELS line scan of the elemental composition and
stacking sequence of a NiAl/TiBx multilayer thin film of type C according to the
description in Table I, with 65 nm thick D.C. magnetron sputtered NiAl layers
and 75 nm thick R.F. magnetron sputtered TiBx layers on Si wafer substrates
(for preparation of these data please refer to Sec. II).
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discussed multilayer of type C, 120 nm). Again, the NiAl layers
were D.C. magnetron sputtered, and the TiBx layers R.F. magnetron
sputtered. The STEM-HAADF image in Fig. 11(a) shows a pro-
nounced mass contrast between the two different layer materials
and confirms a periodically stacked sequence of both NiAl and
TiBx layers, both well aligned in parallel to the substrate and with
only small, locally appearing waviness (please note that in the
upper region of this multilayer thin film a local irregularity in the
multilayer stack is visible, which we attribute to the experimental
laboratory conditions when both the substrate table and the shutter
are moved by hand, not automatized by a software steering, and
has been forgotten during one step of the deposition process;
however, this does not negatively affect the results presented here).

The BF image in Fig. 11(b) shows again a very homogeneous, peri-
odical stacking sequence of the two layer materials NiAl (dark con-
trast) and TiBx (bright contrast), and no growth defects are visible
at this length scale. Both layer materials grow in a columnar struc-
ture, which is more pronounced and coarser in the case of the NiAl
layers, while that of the TiBx layers appears smooth and more
fine-scale. The nature of the interfaces (phase boundaries) is
similar to that of the multilayers of type C (see Fig. 9): these are
still relatively sharp and there is again an interface region with
short extension at the interfaces of each layer, i.e., reflecting the
early phases of nucleation and growth of a layer on the layer
beneath. This can be seen for both NiAl and TiBx layers.
Furthermore, there seems to be some local disorder at the interfaces

FIG. 11. TEM analysis of a NiAl/TiBx multilayer thin film of type D according to the description in Table I, with 75 nm thick D.C. magnetron sputtered NiAl layers and
45 nm thick R.F. magnetron sputtered TiBx layers on Si wafer substrates after cross-sectional TEM sample preparation: (a) STEM-HAADF image showing mass contrast
resolution of the periodical stack of the individual layer materials, (b) BF image, (c) DF image, (d) HRTEM image of an interface area between NiAl and TiBx layers, and
(e) IFFT image of the area marked in (d) by white dashed lines.
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with some columnar grains extending into the subsequent layer.
The DF image in Fig. 11(c) shows that the alignment of the grains
is locally matching (in growth direction) between two adjacent
layers, and locally not, and the columnar grains are even more ran-
domly oriented within one layer (with respect to their tilting angle
versus the surface normal vector). The interface region between a
NiAl and a TiBx layer is better visible in the HRTEM image in
Fig. 11(d). It shows a homogeneous, dense crystalline structure of
the TiBx layers with well-aligned lattice fringes and without dis-
torted grain boundary regions closer to the center region, while the
region close to the interface to the NiAl layer is locally more dis-
torted. The NiAl layer exhibits a polycrystalline structure with
some more distorted regions. Generally, the interface area is more
distorted locally in this multilayer of type D than compared to that
of type C [see Fig. 9(d)]. This is also obvious in Fig. 11(e) in the
IFFT image of the area marked by white dashed lines in Fig. 11(d).
The dark contrast lines that can be interpreted as small-angle grain
boundaries confirm that the columns in the NiAl layer are signifi-
cantly larger than in the TiBx layer. Similar to the multilayer struc-
tures with microscale and nanoscale dimensions discussed before,
the TiBx layer in this multilayer with nanoscale dimensions is well
crystallized and moderately strained, showing few dislocation lines.
The NiAl layer shows in this case more strained regions and more
pronounced dislocation lines in a small area at the interface.

IV. SUMMARY AND CONCLUSIONS

This article presents the combination of a metallic hard mate-
rial, TiBx, and an intermetallic compound, NiAl, in a multilayer
structure as a potential new approach for thin-film materials
for engineering applications. Single layer NiAl and TiBx, and
NiAl/TiBx multilayer thin films with a variation of the individual
layer thickness and bilayer period were deposited by D.C. and R.F.
magnetron sputtering. The impact of the operation mode of the
sputtering targets on the microstructure of the thin films was inves-
tigated. The NiAl single layer thin films showed an operation mode-
dependent growth in a polycrystalline structure with and without
preferred orientation. Nearly stoichiometric, nanocrystalline, single-
phase NiAl films were synthesized in a cubic B2 CsCl structure. The
TiBx single layer thin films exhibited an operation mode indepen-
dent nanocrystalline, single-phase hexagonal structure with a pro-
nounced (001) texture, a significant Ti-deficiency, and B-excess,
resulting in stoichiometry in the range TiB2.64–TiB2.72. Both thin
films microstructures were between zone 1 and zone T in the struc-
ture zone model of Thornton and were very homogeneous and
dense. The existence of dislocations was revealed in both thin films
materials. The microstructure of magnetron sputtered TiBx thin
films is described by the model of Mayrhofer et al.,45 suggesting a
crystalline TiB2 phase surrounded by a B-rich grain boundary
phase. The TiBx thin films in this work exhibit a periodic stacking
of both Ti- and B-planes orthogonal to the c axis of the TiB2 lattice.
However, the nature of the grain boundaries could not be resolved
in full detail. Dislocation formation and structural ordering on the
basis of stacking faults have only recently been described by
Palisaitis et al. for slightly substoichiometric, epitaxial TiB1.9 thin
films of very high crystalline quality, synthesized by unbalanced
magnetron sputtering at a substrate temperature of 900 °C.83 The

microstructure of the TiBx thin films described here may be in
between these two models of Mayrhofer et al. and Palisaitis et al.
and is suggested to be described by a well-crystallized (001) oriented
TiB2 phase with fine-scale, small-angle grain boundaries. However,
further insight into these issues would require additional TEM
investigations, for example, plan-view TEM and high-resolution ele-
mental composition analyses across the grain boundaries. In the
multilayer stacks with modified microscale and nanoscale design,
the TiBx layers grew in a microstructure similar to that of the single
layers with (001) texture, while the NiAl layers were polycrystalline
without preferred orientation in microscale design and tended to
grow in a polycrystalline structure with (211) preferred orientation
in nanoscale designs. The dislocation densities at the NiAl/TiBx
phase boundaries changed with the multilayer design. In conse-
quence, the volume fraction of the two layer materials, their column
size, grain size, crystalline structure, and the nature of the interfaces
have an impact on the dislocation density and ability to form dislo-
cations in these NiAl/TiBx-based multilayer structures (which
should influence their deformation behavior and mechanical
properties).

Multilayer thin films composed of nanocrystalline single layers
can offer the possibility of combining an increase in strength with
enhanced ductility and only low brittleness. The described NiAl/
TiBx multilayer thin films with relatively sharp interfaces accumu-
lated dislocations in both the NiAl and the TiBx layers. When the
single layer thickness is reduced, the average columnar size can be
selectively reduced because the growth phase after the nucleation
phase is shortened. It was shown that the dislocation density at the
interfaces is dependent on the design of the multilayers.
Considering a nearly equal volume fraction of both materials, a
nanoscale design (with a bilayer period of 140 nm, corresponding
with the stacking of approximately 325 unit cells of NiAl and 230
unit cells of TiB2 in each individual layer) seems to be favorable
over a microscale design (with bilayer period of 1000 nm with the
stacking of approximately 2500 unit cells of NiAl and 1500 unit
cells of TiB2 in each individual layer). Considering an unequal
volume fraction, thin films with nano-design and thicker interme-
tallic layers (at nearly unchanged bilayer period, 120 nm, stacking
of approximately 450 unit cells of NiAl and 125 unit cells of TiB2
in each individual layer) seem to exhibit a more disturbed interface
structure and larger dislocation density. This suggests that the
volume, the volume fraction of the two layer materials (indicating
the internal volume of grain boundaries) and the volume fraction
of phase boundaries represent three tools to trigger the multilayer
structure (and, thus, properties). Recently, Greczynski et al. have
described a paradigm shift in physical vapor deposition by exploit-
ing the huge potential of pulsed magnetron sputtering in HIPIMS
processes, utilizing ionized species and their energy levels in a quite
sophisticated way for the design of advanced thin films with
tunable microstructure and properties.22 This work suggests that
conventional magnetron sputtering, and especially magnetron sput-
tering in R.F. mode, can as well be utilized to synthesize novel
diboride thin films of high crystalline quality at low substrate tem-
perature. It may be versatile to explore new PVD hybrid deposition
methods in this regard by combining, for example, unbalanced
D.C. magnetron sputtering with R.F. magnetron sputtering. The
cross-sectional SEM images of the TiBx layers grown with both
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D.C. and R.F. mode without external heating during deposition
show dense structures and very smooth surfaces, different from
what is known, for example, for magnetron sputtered transition
metal nitride thin films. This could make such coatings interesting
for future applications.
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