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Abstract

Intermetallic thin films of stoichiometric NiAl and NizAl have been deposited onto n-type
silicon (100) and nickel (110) substrates using rf-magnetron co-sputtering. The morphology
and crystal structure of the thin films have been studied by transmission electron microscopy
from planar-view and cross-sectional samples. Chemical order has been assessed using nano-
diffraction techniques. Superlattice reflections confirm a fully ordered structure in both
intermetallics. These NiAl and NizAl thin films are nanoscaled with an average grain size
ranging from 50 to 100 nm and exhibit fiber textures in the (110) and (111) directions when
deposited onto silicon. Granular- and heteroepitaxial relations have been observed when
sputtering onto nickel at high substrate temperature. A granular-heteroepitaxial mode of
growth exhibiting the inverse Nishiyama-Wassermann relation (211)[211] . || (110)[110] ..
is observed in NiAl for the first time, whereas a single-crystalline heteroepitaxial growth
relation of (110)[110]z4, || (110)[110];. is achieved in NigAl. The interface chemistry and
surface topography have been studied by secondary ion mass spectroscopy and scanning
tunneling microscopy, respectively, indicating an oxygen-free layer of very low surface rough-
ness. The influence of the lattice matching and the deposition parameters on the thin film

microstructure and orientation is discussed.
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1 Introduction

In the Ni~Al system, thin film research is motivated by an increasing industrial interest to develop
special coatings for advanced engineering applications, including low density wear-resistant ma-
terials, high-temperature structural materials [1,2] and state-of-the-art microelectronics, where
interconnects and transition-metal aluminides on compound semiconductors are of paramount
importance [3,4]. From a fundamental point of view these intermetallic thin films constitute
interesting systems for the study of irradiation-induced phase transformations (order—disorder,

amorphization) and defect production [5-9].

The growth of oriented crystals during condensation onto metallic substrates has been studied
in the past decades for a great number of bilayer systems, namely for pure metals onto metals
[10,11]. Research work has been published on the Ni~Al thin film deposition onto cleaved
rock-salt [12-14], semiconductors [3,15], and in a limited scope onto nickel [2] where the thin
film microstructure is transformed in a post-deposition annealing process. Although studies of
the deposition conditions and its influence on the thin film crystalline structure and chemical
composition exist [2,12-14], there is no systematic work relating these parameters to the thin

film morphology, interface chemistry and epitaxial modes of growth.

Zone models [16,17], which used to predict the thin film microstructure as a function of pri-
mary deposition parameters such as the substrate temperature and the inert gas pressure, are
quite useful for sorting out experimental results and for establishing starting points for the re-
lationships between the physical vapor deposition (PVD) process and the microstructure. This
approach is applied here in conjunction with a condensation regime analysis [18,19], which con-
siders the surface energy balance between the substrate, the interface (transition layer) and the

forming layer.

The major difficulties associated with the sputter deposition of intermetallic thin films are the
control of the stoichiometry [20] and the growth of ordered individual grains in a stable super-
lattice microstructure [12]. This article reports on the synthesis and microstructural properties
of rf-magnetron sputtered NiAl and NizAl thin films onto n-type silicon (100) and nickel (110)

substrates.

2 Experimental procedures

2.1 Thin film deposition

The NiAl and Ni3Al thin films have been deposited in a sputtering system with two planar,
confocal magnetron sources [21]. The most important deposition parameters are the target

composition, working pressure, rf power, target-substrate distance, and especially the substrate



temperature, T;. Two sputtering targets allow to control the chemical composition through
calibration of their deposition rates. The alloy targets are homogeneous mixtures (hot-pressed)
of Nizs a4.9%Alys 419 and of Nigg ot 93 Alsg at.95, With a purity of 99.9 at.%. A second target of
nickel (purity 99.99 at.%) is used to adjust the chemical composition of the deposited film.
The targets are water cooled discs, 50 mm in diameter, and controlled independently, making
an angle of 5 degrees with respect to the substrate normal. Both intermetallics have been
deposited onto silicon (100) and nickel (110) substrates in similar working conditions. The
substrate temperature can be controlled from room temperature (RT) to about 800 K, using for
this purpose a radiant heater placed behind the holder. Prior to the deposition the chamber was
evacuated to a residual pressure of about 10~¢ Pa, and backed out for 6 hours at 453 K. The
target-substrate distance was fixed at 85 mm according to previous tests [21]. The substrate
holder was rotating at 10 rpm. For T higher than RT the substrates were pre-heated for about
2 hours. The target power conditions during the deposition and the substrate temperatures are
summarized in Table 1. The argon pressure during the deposition was 0.67 Pa. After five minutes
pre-sputtering the deposition rate fluctuated by less than 5% indicating a steady-state of yield
of the elemental constituents of the targets [22]. A calibration is presented in Fig. 1 for both
materials. The use of a secondary nickel target hinders the plasma in the deposition chamber,
due to its magnetic properties [23], and therefore reduces the total deposition rate by a factor
of up to 20%. The main reason to co-sputter this element is to correct the thin film chemical
composition around the stoichiometry within 1 to 2 at.%. Thickness measurements have been
made in-situ using a Maxtek quartz crystal oscillator. The results were in good agreement with
ex-situ measurements using an Alphastep stylus profiler. Test thicknesses between 200 nm and
1.5 pm were chosen for both NiAl and NizAl as it is intended to irradiate the thin films with
energetic ions and therefore their thicknesses should be in accordance with the projected range

of the incoming ions.

2.2 Chemical analysis

Calibrated standards of single-crystalline samples of both intermetallics have been analyzed with
conventional wet chemical tests. These results confirm the stoichiometric ratio and high-purity
(99.999 at.%) of the samples and therefore will be used for comparisons with the thin films
measured by X-Ray Energy Dispersive Spectrometry (EDS). Chemical analyses of the thin films
and of the calibrated standards have been performed in a Philips XL30 FEG SEM using EDS.
For the NiAl samples an acceleration voltage of 10 kV and a take-off angle of 35.8 degrees have
been used. For the NizAl samples an acceleration voltage of 15 kV has been used with the same
take-off angle. A set of 3 different measurements per sample reproduced the same values within
an accuracy better than 2 at.%, indicating that the films are chemically homogeneous (Table 2).

These results are in agreement with the ones obtained for the single-crystals and therefore the



thin films are considered to have a stoichiometric chemical composition.

2.3 Measurement techniques

Cross-sectional specimens of NiAl and NizAl thin films deposited onto nickel have been prepared
with Focused Ion Beam (FIB) milling [24] due to the difficulties of mechanically polishing the
metallic substrate down to a thickness of about 100 nm. The specimens are covered with a
protective coating of gold and platinum to avoid sputtering of the intermetallic layer. They are
cut and mounted onto copper rings and milled to the desired thickness using a gallium source
operated at 30 keV.

Transmission electron microscopy (TEM) using a Philips CM20 operating at 200 kV has been
used to investigate the general microstructure, the crystalline structure, texture and the chem-
ical order (presence of superlattice reflections) using selected area diffraction (SAD) and nano-
diffraction (ND). Cross-sectional samples have been observed using a JEOL 2010 operated at
200 kV.

Secondary ion mass spectroscopy (SIMS) measurements have been made with an Atomika 4000
apparatus, eroding an area of 100 ym x 100 gm by scanning an OF ion beam of 10 ym diameter
at 10 keV.

Scanning tunneling microscopy (STM) has been performed with an Omicron apparatus operating

in constant current mode after cleaning the samples in HF.

3 Results

3.1 Microstructure of thin film on silicon

A 0.5 pm thick NiAl thin film deposited onto silicon at 673 K and observed in a planar-view
geometry [25] is seen to crystallize in a structure with grains of 60 nm in diameter (Fig. 2.a).
The presence of Moiré fringes from overlapping grains indicate that several grains superpose
along the film thickness. The structure is compact (no visible cavities at the grain boundaries)
with individual grains well delimited by high-angle grain boundaries. The preferential growth
in the (110) direction is confirmed by SAD (Fig. 2.c). When a planar-view specimen is tilted
along a high-angle (Fig. 3.a) a quasi-cross sectional projection is observed, showing a structure
with non-equiaxed (elongated) grains oriented along a preferential crystallographic direction
perpendicular to the film substrate. These grains are 150 nm long and show interference fringes at
the border. The morphology difference between these two regions of the same sample (in Fig. 2.a
and Fig. 3.a) is due to nucleation and to the texturing effect, which develops a structure with

small grains at the interface film/substrate and leads through coalescence to larger, elongated
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grains. In agreement with the extended zone model of Movchan-Demchishin, for a reduced
temperature T, /T}, of 0.35, a regime of high surface diffusion (called Z2) becomes significant and
drives columns having tight grain boundaries [10]. The bright-field /dark-field pair micrographs
(Fig. 2.a and Fig. 2.b) confirm the typical grain size distribution, the Moiré interference fringes,
and the well delimited grains with tight boundaries. The contrast distribution also indicates the
texturing of the film (in the (110) direction). In SAD, spotty diffraction rings (Fig. 2.c) indicate
that the thin film has grown with a fraction of elongated crystallites about 3 times larger than
the average grain size. The chemical order is identified from ND patterns. The (100) and (111)
superlattice reflections are clearly visible in this [011] zone axis ND (Fig. 3.b). These reflections
are in agreement with those calculated for a NiAl crystal [26]. The lattice parameter determined
from the ND pattern using a (200) reflection spot, a=0.287 nm, is in agreement with the bulk
a=0.2887 nm [27].

For a 0.5 um thick NizAl thin film deposited onto silicon at 673 K, a bright-field/dark-field pair
(Fig. 4.a and Fig. 4.b) shows that the grain size is 45 nm in average (Fig. 4.a) with poorly
delimited grain boundaries (Fig. 4.b). The contrast indicates the existence of a defect structure,
possibly stacking-faults, inside the crystallites (Fig. 5.a), and planes of crystallographic discon-
tinuity at the grain boundaries [17]. The thin film is strongly textured in the (111) direction
(Fig. 4.c). The spotty diffraction rings (Fig. 4.c) indicate large coalesced grains (about 100 nm).
The reduced temperature (T /T;,) is in this case 0.4, and corresponds to a transition regime
between ZT and Z2 [10]. In SAD patterns, (100) and (110) superlattice reflection are visible as
the two diffraction rings close to the (111) ring (Fig. 4.c). The (100), (110), and (210) super-
lattice reflections are visible in a ND micrograph with a [001] zone axis (Fig. 5.c), in agreement
with the simulated diffraction patterns. The existence of a (210) superlattice reflection identifies
the crystal structure as being of type L1;. The lattice parameter calculated from the ( 111) and
(200) reflections, a=0.360 nm, is in agreement with the bulk value a=0.357 nm [27].

A cross-sectional view (details on the preparation available elsewhere [25]) shows the interface
region between the silicon (100) substrate and the NizAl thin film (Fig. 6.a) deposited with
low growth rate at RT (in order to minimize the lattice mismatch strain [10]). The reduced
temperature is 0.16, corresponding to a growth zone of type Z1 where the low deposition rate
favors the development of a fiber texture morphology. In the SAD pattern the presence of
satellites on the (111) diffraction ring (Fig. 6.b) indicates that the film is textured in the (111)
direction. A bright-field/dark-field pair (Fig. 6.c and Fig. 6.d) evidences the structure of the
thin film in cross-section with a sequence of stacking faults. The very fine interference Moiré
fringes denote that the film is several grains in the thickness, possibly indicating micro twinning
formation during deposition. A peak analysis from Fig. 6.b allows the detection of the (112)
peak due to chemical order just before the (202) peak. The lattice parameter calculated from
the (111) and the (112) diffraction rings, a=0.357 nm, is in agreement with the bulk value.



3.2 Microstructure of thin film on nickel

The microstructure of a 1.8 um NiAl thin film deposited onto nickel (110) at high-temperature is
shown in cross-sectional view tilted to a [112] ZA (Fig. 7.a). A subpopulation of the grains exhibit
a granular-heteroepitaxial [11] inverse Nishiyama-Wassermann (NW) relationship (211)[211]p; ||
(110)[110] .. This relation is established after analysis of the SAD pattern (Fig. 7.b) where the
substrate diffraction vector g = 1/2[220]., in a ZA=[112] is parallel to the thin film diffraction
vector g = [211]p2 in a [111] ZA, being both perpendicular to the interface. Tilting the sample
to a [110] ZA confirms the chemically ordered structure of the intermetallic by the presence of
the {100}, {111} and {122} planes (h+k-+l=o0dd). The reduced temperature (T,/T},) is 0.37,
corresponding to a regime of type Z2. The lattice mismatch is 5.3%, being the lattice parameter
ratio thin film to substrate equal to 0.8202. These values are in agreement with the optimal
ratio and misfit limit defined in the rigid lattice approximation [28,29] for the NW orientation
relation. This type of regime results in the microstructure being dominated by heteroepitaxially
aligned grains due to the interface energy minimization of in-plane grain rotations [16]. The
thin film is composed by grains exhibiting the inverse NW relationship and by polycrystalline
grains of small size. As evaluated from the (110) reflections, the thin film lattice parameter,

2=0.2886 nm, is in agreement with the bulk value.

The general microstructure of a 1.8 ym NizAl thin film deposited onto nickel (110) at high-
temperature is shown in cross-section (Fig. 8.a) tilted to a [112] zone axis (ZA). A heteroepitaxial
growth relation of (110)[110]z1, || (110)[110]s.. is established after the analysis of the SAD
pattern (Fig. 8.b) where the substrate diffraction vector gi = 1/2[220];,, is parallel to the single-
crystalline thin film diffraction vector gi = [110]z;, in a [112] ZA, being both perpendicular to
the interface. The {110} family of planes (hkl, mixed even and odd) confirms the chemically
structured phase of the intermetallic. The reduced temperature (T;/Ty,) is 0.4, and corresponds
to a growth zone between types ZT and Z2. However, the lattice mismatch is minimal (1.4%)
under the above mentioned orientation relation and therefore prompts a coherent growth. As
evaluated from the (110) and the (220) reflections, the thin film lattice parameter, a=0.356 nm,

is in agreement with the bulk value.

3.3 Interface characterization

The SIMS profile of a Nisg 59 a4.9Al49.41 at.% Sample, 0.5 pm in thickness, deposited at 673 K on
a silicon (100) substrate has been measured at an estimated average sputtering rate of 0.1 nm/s
to a depth of about 0.8 pm (Fig. 9). The ratio of the oxygen background signal to the intensities
of the elemental constituents is of the order of 10~%. There is no significant increase of the oxygen
content at the interface region. The depth resolution, which includes both the surface roughness

and the cascade mixing, is estimated as 25 nm by fitting the trailing part of the intensity signal



of nickel-58 to a Gaussian distribution function of standard deviation o, and assuming that this

statistical value is one-half of the depth resolution [30-32].

The SIMS profile of a Nizy g at.9%Alss.20 at.9, Sample, 0.5 pm in thickness, deposited at 523 K on
a silicon (100) substrate corresponds to a depth of about 0.7 ym with an average sputtering rate
of 0.08 nm/s (Fig. 10). The relative intensity of the oxygen background to the elemental species
of the thin layer is 1.40 x 10~%. The depth resolution is estimated as 30 nm. The elemental
signal intensity of both nickel and aluminum is constant throughout the deposited layer, thus
indicating a homogeneous compound. The transition from a flat to a stiff slope in the elemental
constituents intensities at the film interface indicates a non-diffused interface with an oxygen .

content almost as low as the sensitivity of the mass spectrometer.

3.4 Surface characterization

For the as-sputtered Nisg 59 at.9%Al4g.41 at.% deposited at 673 K, the lateral grain size is in average
23 nm, with values as large as 50 nm (Fig. 11). The crystallites are formed by small subgrains
with sizes ranging from 5 to 10 nm showing cavities between their boundaries, which is typical
of a bee crystalline lattice [21]. For the as-sputtered Niyygg at.9Als.12 a9 sample deposited
at room temperature (RT), the lateral grain size is estimated as 36 nm (Fig. 12). The grains
are well formed polygons delimited by high-angle grain boundaries, showing no cavities. The

average surface roughness is in both cases of about 1 nm (Root Mean Square value).

4 Discussion

In contrast to earlier experiments [15], the present results show that the thin films deposited onto
silicon (100) are polycrystalline with chemically ordered individual grains a few nanometers in
typical size. Despite the small grain size, electron ND techniques allow to identify the superlattice
reflection spots due to an ordered arrangement of the atomic sublattices. The strong lattice
mismatch between the silicon substrate and the intermetallic thin films excludes the possibility
of an epitaxial structure. Nevertheless, both films develop a specific two-dimensional texture as
result of interfacial energy minimization between the substrate and the deposit in the early stages
of nucleation [33], and because a crystal tends to expose surfaces having low Miller indices. These
minimum stress surfaces correspond to the {110} lattice planes in a bcc structure and to the
{111} planes in a fcc. They tend to orient parallel with the substrate plane during the growth.
As observed with SAD, NiAl crystallizes in a bec structure and NigAl in a fcc. As expected, the
preferential growth directions are the (110) and the (111). A three-dimensional island growth
following the Volmer-Weber (VW) [10] mode induces a columnar structure (d/t < 1, where d

and ¢ are the characteristic linear dimensions of a non-equiaxed crystallite [16,34]) giving rise



to a fiber textured layer. This mechanism of nucleation is typically found during the growth of

metals onto non-metallic substrates [35].

In an energy-enhanced deposition process like sputtering the impinging species reach the sub-
strate with kinetic energies of the order of 1000 kJ/mol, higher than the chemical reaction energy
[36,37], and are therefore adsorbed into the chemisorbed state (Eley-Rideal mechanism). Both
aluminum and nickel have sputtering yields of the same order of magnitude [10]. This condition
imposes an almost immediate steady state of atomic concentration in the deposit. As neither
aluminum nor nickel have high atomic solubility into silicon at the substrate temperatures used,
an abrupt interface forms between the substrate and the film, as it is indeed confirmed by SIMS
and cross-sectional TEM observations. The substrate temperature can be kept high enough
thus increasing the grain size of the thin film and enhancing structural order of the deposit
through the mobility of the adatoms. Consequently, the polycrystalline intermetallic thin films
are deposited with compositions close to the stoichiometric, being chemically ordered, textured,

and showing great surface smoothness of the order of the nanometer.

The investigation of the microstructure and orientation in thin films of the intermetallic Ni-Al
compounds deposited onto nickel (110) shows that: (a) NiAl exhibits an inverse NW granular-
heteroepitaxial relationship, although this growth mode is mixed with a distribution of poly-
crystalline grains of small sizes. This mechanism can be understood as a dynamic balance
between the surface energies 7, y¢ and +;,, which stand for the substrate surface energy, the
surface energy for a monolayer and the interface energy, respectively. Monolayer-by-monolayer
growth occurs only in the Frank-van der Merwe (FvdM) [10] mode which is induced when
AYn = Yfn + Yin — s < 0 for all n monolayers (thickness independent). This condition is
fulfilled only in the case of homoepitaxy but can be partially satisfied in the heteroepitaxial
case (vs # ) until a given n-th monolayer. Beyond this point the mode of growth switches
to Stranski-Krastanov (SK) [10] through the formation of three-dimensional crystals. The
FvdM mode is achieved from the first monolayer, vy, = 2.364 J/m? [38], v = 1.4 J/m? [1],
Yin ~ 0.746 J/m? [1] and 7§ +7in —7s = —0.218 J/m2. This layer-by-layer growth mode contin-
ues until the balance of the surface energies is no longer verified due to accumulation of strain
energy (the lattice mismatch is 5.3%) leading to an increase of the interface energy. Assuming
the rigidity modulus to scale with 1/ this corresponds to a transition from FvdM to SK after the
third monolayer. The energy mismatch, I'¢, is equal to 0.51. The ratio of the nearest-neighbor
distances is 0.8202, which is in the range of values in order to eventually grow a layer in a NW
orientation relationship with the substrate [28,29,38]; (b) NizAl forms a single-crystalline layer
and exhibits a heteroepitaxial relation of (110)[110]z1, || (110)[110]4,.. The nucleation mode is
induced by a positive surface energy balance, Ay = v + 7in —v5 > 0, where vf ~ 2.08 J/m?
[36,37] is the thin film surface energy for a monolayer, i, ~ 1.2 J/m? [39] is the interface energy
and v, = 2.364 J/m? [38] is the substrate surface energy. A three-dimensional epitaxial island

growth corresponding to a VW mode is achieved during the deposition process. The surface



energy mismatch, I'gz = 2|(vs —v¢)/(7s +77)|, is equal to 0.13. The critical value defined for the
formation of a superlattice structure is I';s < 0.5 [38]. Therefore, the growth of a superlattice

structure is energetically favored.

A phase diagram has been established relating the deposition rate and substrate temperature
of both intermetallics onto silicon (100) and nickel (110) to their thin film growth orientation
(Fig. 13). The diagram shows, at deposition rates between 0.1 and 0.2 nm/s and substrate tem-
perature below 300 K, the formation of polycrystalline intermetallic films onto silicon, whereas
at low deposition rate and in a range of temperatures between 300 and 750 K a fiber texture
develops. When the intermetallics are deposited onto nickel (110) single-crystals, a granular-

and a heteroepitaxial mode of growth is evidenced.

5 Conclusions

The present results contribute to the systematic studies of the influence of the deposition param-
eters during the condensation of metallic elements onto semiconductors and metallic substrates
and their influence on the thin film orientation. It demonstrates the heteroepitaxy of NizAl
and the inverse Nishiyama-Wassermann (NW) relationship observed for NiAl grown onto nickel
(110). It shows that the observed orientation relations depend on the lattice parameter misfits,
which are relatively small for the intermetallics onto nickel and therefore prompting a heteroepi-
taxial mode of growth. The nearest-neighbor distances ratio for NiAl onto nickel is close to the
optimal values defined for the NW orientation relation of a bee deposit onto a fee substrate. This
appears to be an indicator to predict the epitaxial growth of bee-type intermetallic superlattices

onto metallic substrates.
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Table 1: Thin film deposition parameters.

Sample Id. T, / K| Target No.1  power / W | Target No. 2 power / W
NiAl/ST #1 673 | Nisp a2 Als0 ar.o 80 Ni 15
NizAl/Si #2 673 | Nigs as.0Als a0 80 Ni 15
NisAl/Si# 3 | 303 | Nigs o opAlys oo 40 Ni 160
NigAl/Si# 4 | 523 | Nigs oopAlys aoon 40 Ni 80
NiAl/Ni #H1 | 708 | Nigy a0.00Alsg ao 80 Ni 80
NigAl/Ni #H2 | 675 | Nigs oo Alys 000 80 Ni 80

Table 2: Chemical composition of the as-sputtered samples and of the intermetallic standards.

Sample Id. Chemical composition | Analysis method
NiAl/Si #1 Nigo.59 at.%Als9.41 at.% EDS
NizAl/Si #2 Niz3.71 at.%Al26.29 at.% EDS
NizAl/Si #3 Nizg88 at.%Al25.12 at.% EDS
NizAl/Si #4 Niz4.80 at.%Al25.20 at.% EDS

NiA]. X’tal #5 Ni50_22 at.%Al49.78 at.% Wet-chemica.l
NiAl X’tal #6 | Nisg 43 at.%Als7.57 at.% EDS
N13A1 X’tal #7 Ni74_82 at.%A125.18 at.% Wet-chemical
NizAl X’tal #8 | Nizz.79 at.9%Al621 at.% EDS

Figure 1: Dependency of deposition rate versus target power for NiAl and NizAl depositions.

Figure 2: NiAl thin film deposited at 673 K. (a) Bright-field (b) Dark-field under the (110)
reflection (c) Selected area diffraction.

Figure 3: NiAl thin film deposited onto silicon at 673 K tilted to a high-angle. (a) Evidence of
a non-equiaxed elongated grain structure (b) Nano-diffraction pattern (zone axis [011]).

Figure 4: NizAl thin film deposited onto silicon at 673 K. (a) Bright-field (b) Dark-field under
the (111) reflection (c) Selected area diffraction.



Figure 5: NizAl thin film deposited onto silicon at 673 K. (a) Evidence of a defect pattern inside
the crystallites (b) Nano-diffraction pattern (zone axis [001]).

Figure 6: (a) Cross-sectional view of the interface silicon/NizAl thin film deposited at RT (b)
Selected area diffraction (c) Bright-field of the thin-film region (d) Dark-field under the (111)
reflection.

Figure 7: (a) Bright-field cross-sectional view of the interface 1.8 pm NiAl/nickel (110) bilayer
deposited at 675 K (b) Selected area diffraction on the thin film region ([111] thin film ZA ||
[112] substrate ZA.)

Figure 8: (a) Bright-field cross-sectional view of the interface 1.8 um NizAl/nickel (110) bilayer
deposited at 675 K (b) Selected area diffraction on the thin film region ([112] thin film ZA ||
[112] substrate ZA).

Figure 9: Secondary Ion Mass Spectrometry (SIMS) profile of a NiAl thin film deposited at
673 K.

Figure 10: Secondary Ion Mass Spectrometry (SIMS) profile of a NizAl thin film deposited at
523 K.

Figure 11: Scanning Tunneling Microscopy (STM) analysis of the surface of a NiAl thin film
deposited at 673 K.

Figure 12: Scanning Tunneling Microscopy (STM) analysis of the surface of a NigAl thin film
deposited at RT.



Figure 13: Thin film orientation as function of deposition rate and substrate temperature.
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