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It is essential to identify and control the preferential orientation of Ni-Ti shape memory alloy (SMA) films
since it is a crucial factor in determining the shape memory behavior. In the present work, in situ studies by
synchrotron radiation scattering enabled to identify the different steps of the structural evolution of Ni-Ti
films during co-sputtering deposition. For micro-electromechanical systems (MEMS) integration, there is a
need for an electrically and thermally insulating or sacrificial layer. Widening the scope of previous
experiments concerning the influence of the deposition parameters on the structure of the Ni-Ti films, the
incorporation of a TiN buffer layer has been tested. Here, it is established a relationship between the TiN
substrates and Ni-Ti texture development (B2 phase). Ni-Ti films mainly containing grains with (110) or
(211) planes of the B2 phase parallel to the film surface could be produced using TiN buffer layers with
distinct thickness values. The electrical resistivity measurements performed during temperature cycling
have shown that the crystallographic orientations of the Ni-Ti films influence their phase transformation
characteristics. The resistivity increase during R-phase transformation, especially visible on cooling, is
higher for Ni-Ti films with a higher fraction of grains of the B2 phase with (211) parallel to the film surface.

Keywords deposition by sputtering, in situ x-ray diffraction, Ni-
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1. Introduction

In physical vapor deposition (PVD) processes the atoms are
deposited from a gas phase onto a substrate and the deposition
parameters play an important role in determining the micro-
structure and physical properties of the grown films (Ref 1).
There are some published structure-zone models in the
literature to describe the observed morphology of PVD grown
films (Ref 2). However, Hultman and Sundgren (Ref 3) referred
that though the structure zone models seem to be adequate in
giving a qualitative classification of film microstructure forma-
tion, they do not include effects from the substrate material
itself on the film growth mode. It has been found that the
observed microstructure of hard coatings is not simply
dependent on process parameters such as temperature and
energetic particle bombardment during growth, but also
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significantly dependent on the substrate crystal structure,
morphology, composition and/or surface contamination, all of
which have important influences on the nucleation. For
example, substrate surface roughness often exists at the same
time on several size scales. This roughness can be reproduced
in exaggerated form on the coating surfaces in zone [ structures,
due to superimposed shadow growth. It is also essential to
choose the substrate material carefully since preferred crystal-
lographic orientation in coatings has been associated with
effects such as minimization in surface energies and a variation
in condensation coefficients (Ref 4).

The composition and structure of sputtered Ni-Ti shape
memory alloy (SMA) films are significantly affected by the
sputtering conditions: target power, gas pressure, target to
substrate distance, deposition temperature, substrate bias volt-
age etc. (Ref 5-10). Additionally, important issues like forma-
tion of film texture and its control are not yet understood. It is
fundamental to identify and control their preferential orienta-
tion, as it is a crucial factor in determining the extent of the
strain recovery (Ref 11). For micro-electro-mechanical systems
(MEMS) integration, there is a need for an electrically and
thermally insulating or sacrificial layer (Ref 12, 13). Therefore,
the study of Ni-Ti film deposition on different types of
substrates is an important topic of research.

In the present work, naturally oxidized Si(100) wafers as
well as TiN buffer layers have been used as substrates for Ni-Ti
deposition. Crystallized near equiatomic Ni-Ti films have been
obtained at the end of the deposition, exhibiting distinct
crystallographic orientations depending of the substrate type. It
has been established a relationship between the substrates and
texture development.

In order to achieve the goals proposed for this work, a two-
magnetron sputter deposition chamber has been used allowing
to heat and to apply a bias voltage to the substrate. This
equipment could be mounted into the six-circle diffractometer
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Fig. 1 Deposition chamber inserted into the six-circle diffractome-
ter of ROBL: (1) magnetrons, (2) semicircular windows for dif-
fracted beams in horizontal and vertical planes, (3) drive for height
adjustment, (4) Eulerian cradle, and (5) detector arm

of the Rossendorf Beamline (ROBL) (Ref 14) at the European
Synchrotron Radiation Facility (ESRF), enabling an in situ
characterization by x-ray diffraction (XRD) of the films during
their growth. In addition to the in situ studies, complementary
ex situ characterization techniques such as electrical resistivity
(ER) measurements during temperature cycling have been used
to characterize the transformations characteristics of the Ni-Ti
samples. Wang et al. (Ref 15), based on a previous work
(Ref 16), reported that the greater the extent of sub micro
twinning, the higher the increase in the resistivity. They also
mentioned the finding of Cross et al. (Ref 17), i.e., there is a
one-to-one correspondence between the mechanical “memory”
effect and the ER curve; the larger the electrical resistivity
“peak” [between austenite start temperature (4) and martensite
finish temperature ()], the more pronounced is the “mem-
ory” effect (i.e., the shape recovery performance).

2. Experimental

The sputtering experiments were carried out in the D.C.
magnetron sputtering chamber that has been described else-
where (Ref 18). Two unbalanced magnetrons, equipped with a
25.4 mm Ni-Ti target (49at.%Ni-51at.%Ti) and a 25.4 mm Ti
target (purity 99.99%), respectively, were positioned at a
distance of 100 mm from the substrate. They are each tilted 30°
away from the substrate normal, including their cylindrical
chimneys. Figure 1 shows the actual mounting of the deposi-
tion chamber in the Huber goniometer at ROBL.

Pieces of size 15 x 15 mm?, cut from naturally oxidized
Si(100) wafers (oxide layer of ~2 nm) and thermally oxidized
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Table 1 Selected deposition parameters for the various
samples investigated

Deposition TiN Deposition Ni-Ti

Buffer Time, Thickness, Time, Thickness,

Substrate layer  min nm min nm
Si(100) 143 860
Si0,/Si(100) (a)  TiN 3 15 120 720
Si0,/Si(100) (a)  TiN 15 80 120 720
Si0,/Si(100) (a)  TiN 40 215 120 720

(a) 140 nm amorphous SiO, capping layer

Si(100) wafers (with a 140 nm amorphous SiO, capping layer),
have been used as substrates. The base pressure at the deposition
temperature of ~470 °C was 2 x 107> Pa and the working
pressure during deposition was 0.42 Pa. For the deposition of the
TiN buffer layers, the Ti target was run at a constant power of
80 W with an Ar/N, gas flow of 2/0.5 sccm and for the Ni-Ti
films the Ni-Ti and Ti magnetrons were driven at a power of 40
and 20 W, respectively. The Ni-Ti films exhibited final compo-
sitions values of approximately 50at.%Ni-50at.%Ti (composi-
tional results obtained from the combination of Rutherford
backscattering spectroscopy and Auger electron spectroscopy
techniques—results not shown here). Selected processing con-
ditions of the samples studied are presented in Table 1.

The x-rays were monochromatized to 18.367 keV
(0.0675 nm) for the in situ studies at ROBL. Two different
scattering geometries were employed: (1) off-plane (vertical)
large-angle XRD in Bragg-Brentano geometry. This method
provides a measure for the off-plane texture when comparing
the peak areas. (2) Low-angle specular x-ray reflectivity (XRR)
has been performed for the study of the thinner TiN layers.
Information on film density and surface roughness has been
obtained, and from the Kiessig fringes the film thickness has
been determined. This was achieved using the Bede REFS
computer code to fit the data (Ref 19).

In order to investigate the phase transformations, the
temperature dependence of the ER of the samples was
measured using the four-probe van der Pauw geometry (BIO-
RAD HL 5550). The thermal cycles comprised (i) heating from
room temperature (RT) up to 110 °C, followed by (ii) cooling
down to —110 °C, and finishing by (iii) heating up to 110 °C.
The analysis of the transformation characteristics was based on
the cycles (ii) and (iii). The measurements were performed with
the Ni-Ti films attached to the substrate.

3. Results and Discussion

Experimentally, the growth of four Ni-Ti samples was
studied. The varying deposition parameter was the substrate
type, i.e., Ni-Ti films were deposited directly on naturally
oxidized Si(100) and on TiN grown on thermally oxidized
Si(100) substrates (Table 1). TiN buffer layers of thickness of
approximately 15, 80 and 215 nm were chosen (corresponding
to 3, 15 and 40 min deposition, respectively).

Figure 2 shows the variation of the net areas of the
diffraction peaks of the Ni-Ti B2 phase as a function of
deposition time (peaks observed during growth):
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Fig. 2 In situ XRD results for Ni-Ti films deposited directly on a
naturally oxidized Si(100) substrate and on TiN buffer layers with
thickness values of approximately 15 and 215 nm. Net areas of the
diffraction peaks of the B2 phase of Ni-Ti recorded as a function of
time

(1) B2(110) and B2(200) peaks for the Ni-Ti film deposited
directly on naturally oxidized Si(100) substrate;
(i) B2(110) and B2(211) peaks for the Ni-Ti film deposited
on a TiN buffer layer with a thickness of ~15 nm;
(iii)) B2(110) peak for the Ni-Ti film deposited on a TiN
buffer layer with a thickness of ~215 nm.

In the case of the film deposited directly on the naturally
oxidized substrate, after the growth of an initial layer with the
{200} planes parallel to the surface during the first 30 min
(=180 nm thick, taking into account that the growth rate was
estimated as ~0.1 nm/s), the B2(200) peak intensity saturated
and stayed constant. The B2(110) peak intensity was linearly
growing, starting from the B2(200) peak intensity stabilization,
until the end of the deposition. The experiments on the growth
of Ni-Ti on TiN buffer layers have shown that the B2(200)
diffraction peak is hardly detected (in contrast to the deposi-
tions on oxidized Si substrates) and, thus, not considered for
this representation.

A key role is attributed to the amorphous Si oxide layer on
the initial preferential stacking of the B2 phase with (400)
planes parallel to the film surface during the initial growth
stage. This has been demonstrated by the use of thermally
oxidized Si(100) substrates (Ref 20). Kim et al. (Ref 21)
proposed that a strong interfacial adsorption on the heated
substrate promotes the preferential coverage by a first layer of
Ti on top of thermally oxidized Si substrates. This leads to the
preferential formation of the (£00) oriented Ni-Ti film since, in
the B2 cubic structure, the (400) planes are alternately occupied
by Ti and Ni atoms. For depositions of Ni-Ti on TiN buffer
layers there is no Ni-Ti/SiO, interface and, therefore, the
development of the (100) orientation of B2 phase parallel to the
substrate surface is not observed.

TiN films grown by vapor phase deposition techniques
usually have a preferred growth orientation that varies accord-
ing to the growth conditions. The orientations most often
observed are <100> and < 111> (<hkl> grains are here
defined as grains with a plane from the {#k/} family parallel to
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the film surface). Primarily <100> and < 111> oriented
grains nucleate during the initial stages of growth but, with
increasing film thickness, the development of a preferred layer
orientation either <100> or <111> 1is observed. The
deposition parameters selected for the growth of the TiN buffer
layers used in the present study led to the nucleation and
growth of <100> and <111> oriented grains during the
initial stages of film growth and < 111> grains taking over at
larger thickness values. TiN(111) and TiN(200) diffraction
peaks could be observed for thickness values of approximately
80 and 215 nm (no peaks could be detected for the thinner TiN
layer of ~15 nm). However, only for a TiN layer with
~215 nm it is possible to conclude that <111> grains
dominate (results presented in Ref 22).

Figure 2 shows that in the case of the deposition of Ni-Ti on
the TiN film with a thickness of ~15 nm, the 110 diffraction
peak of the B2 phase of Ni-Ti (in Bragg-Brentano geometry)
dominated at the beginning of the deposition, while the
B2(211) diffraction peak assumed higher values at a later stage
of the deposition. It suggested that for this thinner TiN layer
(=15 nm) a rough or granular surface with different crystal
facets plays an important role on the growth direction of the
columnar crystals of Ni-Ti, together with the fact that the
targets are tilted 30° away from the substrate normal. During
the initial Ni-Ti deposition period, there is a (110) stacking and
a columnar growth such that < 110> lies close to the substrate
normal. This type of stacking is due to the fact that (110) is the
more densely packed crystallographic plane for the B2 structure
(Ref 23). However, due to the surface morphology of the TiN
layer (without a dominating crystallographic orientation—most
likely a granular uneven surface) and the geometrical shadow-
ing effects, as growth proceeds the growth direction is more
influenced by the direction of incident particles. Columnar
grains stacking on (110) will then grow tilted to the surface
normal (toward the magnetron with the Ni-Ti target running at
40 W) due to the shadowing effects. This tilting leads to (211)
planes more closely parallel to the substrate surface and a
higher intensity of the corresponding diffraction peak. Thus, it
is suggested that this crystallographic orientation development
(for the Ni-Ti sample with a TiN buffer layer with a thickness of
~15 nm) is associated to the combined effects of low surface
mobility and shadowing. Although the results are not shown in
Fig. 2 this behavior could be expected for the deposition of
Ni-Ti on a TiN buffer layer with a thickness of ~80 nm. It has
been mentioned above that in both cases a dominating
orientation could not be identified for the TiN buffer layers
(of roughly 15 and 80 nm), i.e., <100> and < 111> oriented
grains of TiN nucleated and grew. In contrast, the deposition of
Ni-Ti on TiN with a topmost layer formed mainly by <111 >
oriented grains showed a preferential growth of <110>
oriented grains of the Ni-Ti B2 phase from the beginning of the
deposition, with a constant growth rate during the whole
deposition.

A typical XRR result obtained in situ for a TiN layer after
3 min deposition is shown in Fig. 3. This technique allowed to
calculate the growth rate for the TiN buffer layers (=0.086 nm/
s) since the thickness is obtained from the fitting procedure.
The TiN layer exhibits a density of ~97% (x5.27 g/cm?) of the
bulk density (5.43 g/cm®). From the fitting an average rough-
ness of ~0.9 nm was derived. However, although XRR
provides valuable information it is in general useful only for
lower film thicknesses. TiN buffer layers with thickness values
larger than =100 nm could hardly be resolved by the
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Fig. 3 Typical XRR spectra for a 3 min deposition of a TiN buffer
layer together with the fitting curve (red line), obtained immediately
after TiIN growth and before the deposition of the Ni-Ti film on top
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Fig. 4 XRD spectra with change of temperature obtained at ROBL
for the Ni-Ti samples with TiN buffer layers; (top) at 470 °C, (bottom)
at RT. The inset (top) shows the results recorded around the B2(211)
peak at 100 °C (austenitic state) acquired at a laboratory source

reflectivity experiments because of interference with the SiO,
buffer layer. Therefore, XRR technique did not allow a direct
comparison of the roughness values of the thinner TiN buffers
layers with the thicker layer (with ~215 nm). Nevertheless, it is
believed that the distinct surface morphology of the TiN layers
with different thickness values has an important role on the
adatoms surface mobility and shadowing effects. Most likely,
the TiN film roughness is related with texture and film
roughness is determined by crystal habit. The ROBL team
has been working on TiN for several years (Ref 24) and these
comments are also based in previous observations.

XRD obtained at RT and 470 °C (after deposition) by means
of synchrotron radiation at ROBL for the Ni-Ti samples with
TiN are shown in Fig. 4. The experimental set-up used at
ROBL for the study of the Ni-Ti samples with TiN buffer layers
of approximately 80 and 215 nm did not allow the study of the
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Fig. 5 Dependence of ER with temperature for the Ni-Ti samples
with TiN buffers layers of thickness values of roughly 15, 80 and
215 nm during cooling (top) and heating (bottom). The dot line is used
to emphasis the variation of the resistivity during the R-phase transfor-
mation (including distortion) on cooling for the different samples

B2(211) peak angular range at 470 °C. Thus, the samples have
also been studied ex-situ (without angular range restrictions) at
a laboratory source (diffractometer D-5005 from BRUKER
AXS) at 100 °C (austenitic state) in order to record the B2(211)
diffraction peak. The respective results are shown in the inset
(top). These results show similar B2(211) peak shape and peak
intensity for the Ni-Ti films deposited on TiN with total
thickness values of roughly 15 and 80 nm. At RT the Ni-Ti film
structure was mainly thombohedral (R-phase) as shown by the
bottom diffractograms of Fig. 4. With the increase of temper-
ature to 470 °C it transformed to B2 phase (top diffractograms).
During the transformation from the high temperature phase
(B2) to the rhombohedral R-phase while cooling, the height of
the B2(110) diffraction peak decreased, splitting into two
resolvable R(112) and R(300) peaks. This was especially
visible in the case of the Ni-Ti film deposited on top of a TiN
layer with a thickness of ~215 nm. Furthermore, it was
perceptible a splitting of the B2(211) peak into the (033) and
(141) peaks of the R-phase structure for the samples with TiN
layers of about 15 and 80 nm.

The temperature dependence results of the ER of the Ni-Ti
samples with TiN buffer layers of thickness approximately 15,
80 and 215 nm are shown in Fig. 5 for cooling (top curves) and
heating (bottom curves). In the figure, R, Ry, M, My are the
temperatures for the start and finish of the formation of the
R-phase and martensite (B19”), on cooling, and R, R}, 4, A¢
are the temperatures for the start and finish of the formation of
the R-phase and the B2 phase, on heating. For the different
samples, as the temperature decreases, an increase in the
resistivity values was observed (B2 = R-phase transforma-
tion), followed by a decrease associated with the R-phase =
B19’ transformation. During heating the transformation was
also occurring in two steps, B19” = R-phase = B2 as
observed by the respective increase in the ER. However,
during heating the increase in the ER was smaller than the one
observed on cooling. Moreover, the increase of the ER during
R-phase formation (on cooling and heating) is lower for the
Ni-Ti sample with a TiN buffer layer of ~215 nm.
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According to the ER results obtained during temperature
cycling, presented in Fig. 5, the distinct crystallographic
orientations of the Ni-Ti films influence their phase transfor-
mation characteristics. The resistivity increase during R-phase
transformation, on cooling and heating, was higher for Ni-Ti
films with a higher fraction of grains of the B2 phase with (211)
parallel to the film surface. Therefore, the use of a TiN buffer
layer is an important finding for the control of the crystallo-
graphic orientations of the Ni-Ti SMA films and consequently
to influence their phase transformation characteristics.

4, Conclusion

The in situ XRD measurements have shown that on
naturally oxidized Si(100) substrates, without a substrate bias
voltage, the Ni-Ti B2 phase starts by stacking onto (%#00) planes
(due to the native oxide layer), and as the thickness increases,
evolves into a < 110> preferential orientation. In the case of a
Ni-Ti film deposited on TiN with a topmost layer formed
mainly by < 111> oriented grains, there is a preferential
growth of <110> oriented grains of the Ni-Ti B2 phase from
the beginning of the deposition, with a constant growth rate
during the whole deposition. For the Ni-Ti films deposited on
top of a TiN layer where a dominating orientation could not be
identified (i.e., <100> and < 111> oriented grains of TiN
nucleated and grew), a different behavior is observed, that is,
< 110> oriented grains of the Ni-Ti B2 phase dominate at
lower thickness values, while the B2(211) planes parallel to the
substrate surface take over at higher thickness values (due to an
inclination of (110) of the columnar grains relative to the
substrate normal).

The ER results obtained during temperature cycling have
shown that the distinct crystallographic orientations of the
Ni-Ti films influence their phase transformation characteristics.
The resistivity increase during R-phase transformation, notice-
ably on cooling, is higher for Ni-Ti films with a higher fraction
of grains of the B2 phase with (211) parallel to the film surface.
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