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ABSTRACT In-situ X-ray diffraction (XRD) was employed to
study the effect of the deliberate change of the Ti/Ni ratio
during the deposition of Ni-Ti films. Thus, graded films were de-
posited exhibiting distinctive composition and crystalline struc-
ture along the growth direction. The as-sputtered films were
ex-situ characterized by Auger electron spectroscopy (AES),
cross-sectional transmission electron microscopy (XTEM), and
electrical resistivity (ER) measurements (during thermal cy-
cling). In this paper results are presented concerning a film
(thickness of ≈ 420 nm) with a Ti-rich composition in the cen-
tral part (ranging from 50 to ≈ 60 at. %) and near-equiatomic
composition in the extremities, following four distinct depo-
sition periods (different Ti target powers). During the initial
deposition step (near-equiatomic composition) the Ni-Ti B2
phase starts by stacking onto (h00) planes on the naturally ox-
idized Si(100) substrate due to the presence of the native Si
oxide (2–3 nm). The increase of the power of the Ti target in
the second and third steps induced the precipitation of Ti2Ni.
When stopping the Ti co-sputtering, Ti2Ni dissolves and, thus,
plays the role of a Ti reservoir for the formation of B2 phase
now preferentially stacking onto (110) with the system ap-
proaching again the equiatomic composition. The ex-situ study
of the morphology of the interface has shown the presence of
NiSi2 silicides (A-NiSi2 and B-NiSi2), Ti4Ni4Si7, Ti2Ni and
a non-identified phase constituted by Ni, Ti and Si, most likely
amorphous. During thermal cycling, ER measurements revealed
phase transitions associated with the B2, R-phase and B19′
phases. These type of studies allow the identification of interme-
diate states during deposition and annealing, and the correlation
with the final structure of the film, being useful for the optimisa-
tion of the deposition parameters in order to fabricate films with
a two-way reversible actuation.

PACS 81.15.Cd; 61.10.Nz; 68.55.Jk

1 Introduction

A relatively wide variety of alloys are known to ex-
hibit the shape memory effect (SME), but only a few have
received commercial exploitation. Of those, Ni-Ti alloys have
been attracting keen attention due to a number of desir-

� Fax: +49-351-21-294-85-58, E-mail: rmsm@fct.unl.pt

able properties [1, 2]. In the form of films they have also
the potential for batch fabrication and, thus, Ni-Ti films are
attractive materials for microfabrication and integration in
micro-miniature systems composed of mechanical elements,
actuators, sensors and electronics made on one chip [3–5].
They can be heated resistively, and the small thermal mass
and the large surface to volume ratios allow for rapid heat
transfer. Due to the high power density, and due to the large
displacement and actuation force, most applications of Ni-Ti
films are focused on micro-actuators, such as micropumps,
microgrippers, microvalves, micropositioners, etc. [6]. Be-
cause of their sensitivity to environmental changes, e.g. ther-
mal, and/or to stress they are also ideal materials for applica-
tions in microsensors [7]. Ni-Ti films are typically prepared
using sputtering methods and though early difficulties were
overcome [8–13], the deposition of Ni-Ti films with defi-
nite stoichiometry and high purity remains a challenge [14].
The precise control of the Ti/Ni ratio is essential but diffi-
cult due to the difference in sputtering yields of Ti and Ni at
a given sputtering power density [15], as well as wear, ero-
sion and roughening of targets during sputtering [16]. Several
solutions were proposed to overcome this problem: adding Ti
plates on the Ni-Ti target to compensate the loss of Ti [17],
co-sputtering from Ni-Ti and Ti targets [16, 18] or from two
separate single element (Ni and Ti) targets [19, 20], as well
as varying the Ni-Ti target temperature since a heated target
reduces the loss of Ti [21].

The basis of the SME is a reversible solid-state phase
transformation [2]. Ni-Ti SMA transform martensitically
from B2 cubic austenite into monoclinic B19′ martensite
either directly or via rhombohedral R-phase [22–25]. The
intermediate B2 ↔ R-phase transformation is an attractive
phenomenon for actuator applications [26] because it shows
a narrow hysteresis and does not vary much with cycling
through the transformation range. The excellent functional fa-
tigue properties associated with the B2 ↔ R-phase transform-
ation, usually attributed to its small transformation strains
(≈ 1%), are also a plus for these particular applications.

If the substrate is not heated during sputtering deposi-
tion, as-sputtered Ni-Ti films are amorphous [27–31], thus,
a post-sputtering annealing is necessary since the thermally
induced phase transformation occurs only in crystalline mate-
rials. However, films sputtered at elevated temperatures (typ-
ically above 400 ◦C) are crystalline as deposited. In this case,
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and depending on substrate type, specific fibre textures can
be obtained [32, 33] and fine-grained structures are also ob-
served [34]. Concerning the texture of Ni-Ti thin films crys-
tallized during deposition on Si(100) substrates, Gisser et
al. [35] reported that the films are highly oriented, with the
B2(110) face parallel to the (100) face of the Si wafer (depo-
sition temperature ≈ 460 ◦C). In that study, p-type Si wafers
were etched with aqueous HF and rinsed with methanol
before being introduced into the sputtering chamber. Liu
et al. [34] observed a strong (110)-plane texture with per-
fect axis symmetry for a film deposited at ≈ 500 ◦C. They
have used a (100) monocrystal wafer as substrate which was
cleaned by “inverse” sputtering. In a previous work [36], we
have shown that the Ni-Ti B2 phase starts by stacking onto
(h00) planes on naturally oxidized Si(100) substrates (the
native oxide layer, 2–3 nm, was not removed before depo-
sition), and as the thickness increases evolves into a (110)
fibre texture. This observation was possible using a magnetron
sputtering chamber [37] especially designed to be mounted
on the six-circle goniometer of the Rossendorf BeamLine
(ROBL) [38] at the European Synchrotron Radiation Facil-
ity (ESRF) which allows following in-situ, the evolution of
the structure of the growing film. Indeed, the ex-situ X-ray
diffraction (XRD) measurements performed after deposition
have shown a dominating (110) fibre texture but also the pres-
ence of a small B2(200) peak [33] as a result of the initial
deposition period.

In order to further improve the properties of Ni-Ti films
one considers the design of functionally graded films [6]. One
possibility to achieve this goal is through the gradual change
in composition (Ti/Ni ratio), crystalline structures, trans-
formation temperatures, and/or residual stress through the
film thickness. These films can be prepared by slightly chang-
ing the target powers during deposition. In this way, along
the film thickness the material can exhibit different proper-
ties, e.g. changing from pseudoelasticity to SME or showing
different transformation temperatures along the thickness. It
is known that for Ti-rich compositions higher transformation
temperatures can be achieved compared with the equiatomic
or Ni-rich composition [39]. However, it is necessary to have
in mind the precipitation of the Ti2Ni phase [2, 40, 41] be-
cause a non-controlled growth of Ti2Ni precipitates can dis-
turb or impede the growth of martensite plates [42]. Thus,
to successfully develop functionally graded Ni-Ti films it is
essential to characterize, model and control the variations in
composition as well as thermo-mechanical properties and the
residual stress in the films [6]. In a previous publication we re-
ported on the in-situ study of the sputter deposition of Ni-Ti
SMA thin films using two targets Ni-Ti and Ti, whereby we
stressed the possibilities of the real-time structural design dur-
ing magnetron deposition by co-sputtering excess Ti in order
to balance the mass composition and phase content of Ni-Ti
films [43]. Here, a detailed structural characterization of these
type of films, including the interfacial zone, and its connection
with their reaction paths is reported.

2 Experimental details

Ni-Ti films were deposited by co-sputtering in
a dc magnetron chamber [37]. A 25.4 mm Ni-Ti target

(49 at. %Ni–51 at. %Ti) and a 25.4 mm Ti target (purity
99.99%) were inserted on the unbalanced magnetrons, which
are positioned at a distance of 100 mm from the substrate sur-
face and tilted 30◦ away from the substrate normal. Chimneys
in front of each magnetron and the pneumatically driven blade
shutters avoid cross contamination and enable sputter clean-
ing of the targets prior to deposition. The base pressure was
approximately 2 ×10−5 Pa and the films were deposited with
an Ar pressure of 0.42 Pa. The magnetron with the Ni-Ti alloy
target was run at a power of 40 W while the magnetron with
the pure Ti target was run at varying power levels of 0–30 W.
In this series of experiments, the near-equiatomic compo-
sition could be obtained with the Ti target running at 8 W.
Si(100) wafers (15×15 mm2) with a natural oxide layer on
top served as substrates. They were heated to a deposition and
annealing temperature of ≈ 470 ◦C.

The whole deposition chamber equipped with Kapton
foils as the X-ray entrance and exit windows was mounted into
the six-circle goniometer of the synchrotron radiation beam-
line ROBL at ESRF. The radiation was monochromatized to
λ = 0.675 Å (18.367 keV) and large angle XRD in Bragg–
Brentano geometry was employed, thus probing the diffrac-
tion vector situated in a plane perpendicular to the plane of de-
position. A sequence of scans (alternating between the scatter-
ing angles 17.0◦ < 2θ < 19.5◦ and 24.3◦ < 2θ < 26.8◦) were
performed, each one taking approximately 2 min, in order to
monitor the XRD peaks of the Ni-Ti B2(110) and B2(200);
these scans are intended to reveal the type of preferential
orientation during the deposition process and to determine
off-plane lattice parameters variations. After deposition and
naturally cooling to room temperature (RT) the samples were
quenched into liquid nitrogen and then let warm up to RT.

Atomic depth profiles were determined by Auger elec-
tron spectroscopy (AES) with a scanning Auger electron
spectrometer Microlab 310F (Fisons Instruments). Cross-
sectional transmission electron microscopy (XTEM) observa-
tions were carried out on a Philips CM300 microscope with
a LaB6 filament at 300 keV (without intentional heating of
the sample). For this purpose, the samples were prepared by
gluing two pieces film to film and then cutting a perpendicu-
lar section, which was thinned by mechanical grinding. Final
thinning to electron transparency was accomplished using
5 keV Ar+ ion milling.

A four-probe experimental apparatus (van der Pauw
geometry) was used to measure the electrical resistivity (ER)
of the films as a function of temperature in order to investigate
phase transformations. The thermal cycles comprised

(i) heating from RT up to 110 ◦C, followed by
(ii) cooling down to −110 ◦C, and finishing by
(iii) heating up to 110 ◦C again.

The analysis of the transformation behaviour was based on the
cycles (ii) and (iii). The measurements were performed with
the Ni-Ti films attached to the substrate.

3 Results

3.1 In-situ XRD characterization

Figure 1 demonstrates the benefit of following in-
situ the evolution of the structure of the film (during growth,
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FIGURE 1 In-situ XRD results for a Ni-Ti graded film deposited on natu-
rally oxidized Si(100) during continuous co-sputtering of Ni-Ti (40 W) and
Ti (8/20/30/0 W), and during annealing. Represented are the integrated
intensities of the Bragg–Brentano B2(110), B2(200) and Ti2Ni(333/511)
diffraction peaks as well as the lattice parameters as obtained from the pos-
itions of the respective Bragg–Brentano peaks, as a function of time

annealing and cooling from deposition to RT), revealing in-
termediate conditions, which cannot be observed by ex-situ
techniques. In this experiment the magnetron with the Ni-Ti
alloy target was run at a constant power of 40 W during the
four steps of the deposition while the magnetron with the pure
Ti target was run at 8, 20 and 30 W on the 1st, 2nd and 3rd de-
position steps, respectively. The chosen sequence and amount
of co-sputtering led to different peak intensities of the various
phases. In the figure are represented the variation of the inte-
grated intensities of B2 and Ti2Ni peaks (B2(110), B2(200)
and Ti2Ni(333/511), respectively) and the variation of the
lattice parameter a0 (as calculated from d according to the cor-
responding Bragg–Brentano peak position), as a function of
time after start of deposition. Under the chosen deposition pa-
rameters the B2 phase starts by stacking onto (h00) planes.
During this initial period of the deposition a significant change
of the lattice parameter as calculated from d(200) is observed.
This is a typical behaviour already observed by our group
during the deposition of near-equiatomic films on naturally
oxidized Si(100) substrates [36]. In that previous study, after
the formation of a strained layer with the B2 phase with (h00)

planes parallel to the substrate during the first 30 min, it re-
laxed, and then the diffracted intensity of B2(200) stayed con-
stant while the B2(110) intensity was linearly growing. Here,
after this initial period (≈ 30 min), the Ti co-sputtering power
was increased to 20 W and, consequently, the Ti2Ni(333/511)
peak together with the B2(110) peak were detected. A fur-
ther increase of co-sputtered Ti in the film (increasing the
Ti magnetron power to 30 W) enhances the development of
the Ti-rich phase. During co-sputtering with a Ti power of
30 W the lattice parameter values of B2 phase as calculated
from d(200) and d(110) are already quite stable, while for Ti2Ni,
as calculated from d(333/511), a continuous slight decrease of
this value is perceptible. After approximately 97 min by stop-
ping the Ti co-sputtering (i.e. increasing the Ni/Ti ratio of

the atoms deposited at the growing film), Ti2Ni dissolves and,
thus, plays the role of a Ti reservoir for the formation of B2
phase now preferentially stacking onto (110). A significant in-
crease of a0 value of the Ti2Ni as calculated from d(333/511)

is observed. For B2 phase the increase is slightly higher for
the value calculated from d(110). During the annealing step
no relevant peak intensity changes, i.e. no structural or phase
changes, could be discerned. However, just the a0 value of
B2 as calculated from d(200) stays stable. The a0 value of B2
as calculated from d(110) and the one calculated for Ti2Ni de-
crease. The cooling stage from deposition temperature to RT
results in an overall decrease of a0 for both phases, and for
the B2 phase the values calculated from d(110) and d(200) are
comparable.

3.2 Ex-situ AES and XTEM characterization
of the structural depth profile

The depth profile of the atomic concentrations in
the Ni-Ti film from Fig. 1 is shown in Fig. 2. For the AES and
XTEM results presented, the substrate can be found on the
right hand side. In Fig. 2 the different steps of co-sputtering
deposition are marked with dashed lines and identified by
Roman numerals. The manipulation of the Ti power resulted
in a non-homogeneous composition along the cross-section
of the film, and the first fraction of the film (I), supposed
to exhibit a near-equiatomic composition, shows evidence of
an interfacial reaction between the film and the substrate as
deduced from the altered composition nearby the substrate.
Starting the evaluation from the interface to the surface of the
film, Ni and Ti are detected in the Si substrate. Ni atoms ap-
pear to be the primary diffusing species into the substrate.
There is also considerable inter-diffusion of Si atoms into
the Ni-Ti film, therefore, a near-equiatomic composition in
fraction I is only obtained at a distance from the interface
where diffusion is no longer relevant. Fraction II is richer
in Ti and proportionally poorer in Ni due to the increase of
the Ti power to 20 W. The consequence of the additional in-
crease to 30 W is also clearly perceptible in fraction III but

FIGURE 2 AES elemental concentration profiles for the Ni-Ti sample from
Fig. 1 (graded film)
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FIGURE 3 XTEM micrograph from the Ni-Ti graded film on the naturally
oxidized Si substrate recorded along the Si[110] zone axis, with an enlarge-
ment of the topmost film’s region

the most interesting is the tendency of the system to achieve
the near-equiatomic composition during the last deposition
step (fraction IV). Most likely, the observed composition vari-
ation in fraction IV is mainly the result of stopping the Ti
co-sputtering and consequently a Ti2Ni dissolution. During
the annealing period no relevant intensity changes could be
discerned by in-situ XRD.

Figure 3 shows a XTEM micrograph from the Ni-Ti film
on the Si substrate recorded along the Si[110] zone axis, with
an enlargement of the topmost region of the film (indicated
with the arrow). Apart from the columnar structure, a topmost
layer with different contrast (apparently showing also differ-
ent morphology) is clearly visible. This altered fraction of the
film is a result of the last deposition step, i.e. only with the
Ni-Ti target running there is a dissolution of the Ti2Ni rich
precipitates formed in the preceding two steps (see fraction IV
of Fig. 2).

A selected-area electron diffraction (SAED) pattern ob-
tained on the overall cross-section of the Ni-Ti film is pre-
sented in the inset of Fig. 4. By choosing the spot delimited
in the SAED pattern, which is associated with Ti2Ni(220), the
respective precipitates show up as bright regions in the corres-
ponding XTEM dark field image of Fig. 4. They are generally
detected in the central zone being in agreement with the depth
profile of Fig. 2. The Ti content exceeds largely the one of Ni
in this zone (fractions II and III).

The XTEM micrograph of Fig. 5 shows the structure of
the film nearby the interface. The B2(100) planes paral-
lel to the interface were identified by high-resolution (HR)-
XTEM (fast Fourier transformation procedure). By in-situ
XRD (Fig. 1) it was observed that the B2 phase starts by stack-
ing onto (h00) planes which is in conformity with XTEM

FIGURE 4 SAED pattern obtained on the overall cross-section of the Ni-
Ti graded film, with a delimitation of the spot associated with Ti2Ni(220),
and the XTEM dark field image resulting from the selection of this spot.
The respective Ti2Ni precipitates show up as bright regions in the XTEM
micrograph

FIGURE 5 XTEM micrograph showing the structure of the graded film
near the interface. The B2(100) planes parallel to the interface were identi-
fied as well as the presence of distinct phases in the reaction product at the
interface

observations. It also suggests that the film near the inter-
face (fraction I in Fig. 2) is austenitic at RT. Figure 5 also
gives evidence of the presence of distinct phases in the re-
action product at the interface. Between the Ni-Ti B2 struc-
ture (with the (100) planes parallel to the interface) and the
oxide layer (most probably a (Si, O)-rich layer, i.e. the na-
tive silicon oxide of the Si substrate), a lighter grey layer
can be distinguished. This phase could not be identified by
HR-XTEM, suggesting that no crystalline order is present.
The same was observed for other samples with this type of
interfacial morphology (near-equiatomic Ni-Ti films on natu-
rally oxidized Si(100) substrates). On the substrate side, NiSi2
forms epitaxially towards the Si substrate, which agrees with
the finding of Ni deeper inside the substrate in Fig. 2. A de-
tailed analysis of the interfacial structure can be found in the
next section.
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FIGURE 6 EDS results obtained using the line scan mode of the transmis-
sion electron microscope along a distance of 430 nm, probing information
from the substrate, interface and the Ni-Ti graded film

3.3 Ex-situ XTEM characterization of the interfacial
structure

The EDS system of the transmission electron mi-
croscope (electron dispersive X-ray spectroscopy technique)
was used in order to identify the elements present in the differ-
ent reaction layers. Figure 6 shows the results obtained using
the line scan mode along a distance of 430 nm, probing in-
formation from the substrate, interface and Ni-Ti film. With
this complementary information provided by the EDS meas-
urement it is possible to conclude that the lighter grey layer
located between the Ni-Ti B2 structure and the Si oxide layer
has in its composition not only Ni and Ti but also Si (see
part C in Fig. 6). This confirms the diffusion of Si into the
alloy and suggests the presence of ternary silicides. An ex-
pected increase of the Ni content in the interface substrate’s
side (part B) is discernible mainly as a result of the formation
of NiSi2 compounds (detected in Fig. 5).

The XTEM micrographs of the morphology of the inter-
face presented in Fig. 7 were obtained on a different sam-
ple, deposited with constant deposition parameters, which
resulted in a near-equiatomic composition (all the other re-
sults in the paper were obtained for the graded film). However,
the interface morphology is analogous and since for this sam-
ple higher quality images could be achieved, we show here
the respective micrographs in order to provide more informa-
tion about the reaction phases. The main micrograph in Fig. 7
clearly shows that A-NiSi2 silicides grow epitaxially towards
the Si substrate with growth fronts {111} resulting in a semi-
octahedron shape. A deeper insight into the circled area can
be found in the inset of the figure. In the Si oxide layer of
the substrate it is possible to distinguish the presence of dis-
ruptions. The Ti4Ni4Si7 compound (identified by HR-XTEM)
nucleates between the oxide layer and the A-NiSi2. However,

FIGURE 7 XTEM micrographs of the interface’s morphology obtained on
a sample, deposited with constant deposition parameters, which resulted in
a near-equiatomic composition. The main micrograph shows that A-NiSi2
silicide grows epitaxially towards the Si substrate with growth fronts [111]
resulting in a semi-octahedron shape. The inset represents the circled region
in high resolution

the compound (with Ni, Ti and Si in its composition), which
forms between the oxide layer and the Ni-Ti film, could not be
identified as already mentioned (lighter grey layer).

In Fig. 8 the interfacial reaction products of the graded
film are not all visible because the focus was in the area on
the left hand side of the lighter grey layer (region of the film).
A dashed line is inserted on top of the thin oxide layer as
a reference. The goal has been the detection of possible Ti2Ni
phase. Stemmer et al. [44] mention the formation of a Ti-rich
layer with no significant amount of silicon that was associated
with the Ti2Ni compound. This layer adjacent to the Ni-Ti
near-equiatomic film could be the result of the migration of

FIGURE 8 XTEM micrograph of the interfacial zone of the graded film
with a black line inserted on top of the thin oxide layer as a reference. Lattice
spacings agreeing well with those of Ti2Ni were observed suggesting that the
(111) planes of Ti2Ni make with the interface an angle that leads the (400)
planes approximately parallel to the interface
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FIGURE 9 XTEM micrograph (graded Ni-Ti film) focusing the presence of
the B-NiSi2 in the Si(100) substrate

the Ni atoms, which are the main species diffusing at the TiNi-
Si interface below 600 ◦C [45]. In our study, in some areas
along the interface, lattice spacings agreeing well with those
of Ti2Ni were observed between the Ni-Ti film and the lighter
grey layer (ternary compound: Ti, Ni, Si). The (111) planes of
Ti2Ni were identified making an angle with the interface that
leads to the (400) planes being approximately parallel to the
interface. A line on the figure indicates the expected arrange-
ment of the (400) planes.

It should be pointed out that there are two possible NiSi2
families:

(i) A-precipitates, which grow epitaxially to the Si host
lattice with growth fronts {111} resulting in a semi-
octahedron shape (see Figs. 5 and 7),

(ii) B-precipitates, with a twin orientation (rotation by 180◦
around the [111]).

In this work, the formation of B-NiSi2 precipitates in the Si
substrate was also detected (Fig. 9).

3.4 Study of the transformation temperatures

The ER versus temperature response of the graded
Ni-Ti film during thermal cycling is shown in Fig. 10. In the
graph, Rs, Rf, Ms, Mf and As, Af are the temperatures for the
start and finish of the formation of the intermediate R-phase
and B19′, on cooling, and B2, on heating. The resistivity value
decreases linearly with the temperature during cooling from
110 ◦C down to Rs. Self-accommodation R-phase transform-
ation starts at Rs and the austenite parent phase (B2) begins
to transform to the twinned R-phase with further decrease of
the temperature. Twinning in an alloy matrix results in elec-
tron scattering that in turn leads to the increase of the ER [46].
The twinned structure density in B2 phase increases with the
decrease of the temperature (due to the B2 → R-phase trans-

FIGURE 10 Dependence of electrical resistivity in the Ni-Ti graded film
with temperature during cooling and heating

formation), producing a higher ER as a result of the more pro-
nounced increase of lattice imperfections compared to the de-
crease of the resistance due to electron scattering by phonons.
R-phase transformation ends once the temperature decreases
to Rf. An additional cooling promotes the R-phase distortion
(R ⇒) and at Ms the R-phase starts transforming to mono-
clinic B19′ martensite, which exhibits less lattice distortion.
The martensite transformation finishes when the temperature
decreases to Mf and cooling below Mf does not result in more
phase changes.

On heating, the R-phase reverse transformation leads to
a rapid increase in the ER and we suggest that the film
completely transforms to R-phase before transforming to B2
(that’s why the local maximum is there). The Rf reverse tem-
perature is not put at the maximum point because two pro-
cesses overlap upon heating: (i) B19′ → R-phase and (ii) R ⇐
(decreasing distortion). The transformation from R-phase to
cubic B2 austenite parent phase leads to detwinning and rapid
decrease in the ER. It is completed at temperature Af and the
microstructure completely reverses to the original microstruc-
ture consisting of single cubic B2 austenite.

4 Discussion

The in-situ XRD measurements have shown that
for a near-equiatomic composition the Ni-Ti B2 phase starts
by stacking onto (h00) planes on a naturally oxidized Si(100)
substrate (Fig. 1). We attribute to the native Si oxide a key
role for this preferential stacking. Kim et al. [32] proposed
that a strong interfacial adsorption on the heated substrate pro-
motes the preferential coverage by a first layer of Ti on top of
thermally oxidized Si substrates. This leads to the preferen-
tial formation of the (h00)-oriented Ni-Ti film since, in the B2
cubic structure, the (h00) planes are alternately occupied by
Ni and Ti atoms. In an earlier work [36] we have confirmed
the role of the oxide layer on the development of the (100)
orientation of the B2 phase during the deposition on heated
substrates (≈ 470 ◦C). Gisser et al. in [35] where they reported
that Ni-Ti films crystallized during the deposition process are
highly oriented, with the B2(110) face parallel to the (100)



MARTINS et al. Study of graded Ni-Ti shape memory alloy film growth on Si(100) substrate 297

face of the Si wafer, mentioned peak intensity ratios for the B2
phase ((110), (200) and (211) peaks) of 50 000 : 1 : < 1. The
B2(200) peak does not quite disappear, but was too small to
be seen without rescaling the data. In contrast, when we de-
posited near-equiatomic films on naturally Si(100) substrates
the B2(200), which appears at the beginning of the deposition,
can be detected without rescaling the data as can be observed
in [33]. The reason for this difference is most likely the fact
that they have used Si wafers etched with aqueous HF and
rinsed with methanol and in our case the native Si oxide layer
(2–3 nm) was not removed before Ni-Ti deposition.

Considering the evolution of the lattice parameter a0 as
calculated from d(200) during the initial deposition stage,
a considerable reduction of compressive stresses with increas-
ing thickness is observed. Probably the higher variation of the
stress state in the beginning of the deposition, i.e. next to the
interface film/substrate, is also related to the interfacial re-
actions processes [47, 48]. Gisser et al. [35] also observed in
their samples that the film stress parallel to the substrate is
compressive (by ex-situ measurements). Having the Si sub-
strate peak as an internal standard, they obtained larger d-
spacings for the B2(110) when compared with the same plane
in bulk Ni-Ti. Furthermore, Grummon and Zhang [49] have
observed a variation of the intrinsic stress with film thick-
ness. A decrease of the compressive stress from −430 MPa
for 1.3 µm thick films to −250 MPa for 4.2 µm thick material
was reported. A dependence was suggested between the in-
trinsic stress developed and the effective shear compliance of
the substrate, such that for the initial deposited layers the Ni-
Ti film experiences a substrate compliance identical to that of
pure Si(100), developing large compressive stresses.

In our previous experiments, during the study of the
growth of near-equiatomic Ni-Ti films (2 h deposition) [36],
with increasing film thickness a crossover of the crystal-
lographic orientation into a (110) preferred orientation is
observed (≈ 30 min after deposition start), which is the more
densely packed crystallographic plane [50]. The preferential
stacking of B2 phase on (110) planes is coincident with the
deposition time where a tendency for the stabilization of the
lattice parameter as calculated from d(200) is detected (sig-
nificantly decrease of compressive stress). However, in the
present work, after this initial deposition period of ≈ 30 min,
the Ti co-sputtering power was increased, first to 20 W and
later to 30 W, leading to the desired precipitation of the Ti-
rich phase Ti2Ni. During the precipitation process the lattice
parameter value of Ti2Ni, as calculated from d(333/511) , slight
decreases in a continuous way. Ishida et al. [51] observed that
when an amorphous Ti-rich Ni-Ti thin film is crystallized (Ti-
48.2 at. %Ni in the study), the microstructure changes in the
sequence of

(1) Guinier–Preston (GP) zones,
(2) GP zones and Ti2Ni precipitates within Ni-Ti grains,
(3) Ti2Ni precipitates within Ni-Ti grains, and
(4) Ti2Ni precipitates along grain boundaries.

The microstructure of a sample annealed at 500 ◦C for 1 h was
reported to have a dispersion of Ti2Ni inside the Ni-Ti grains,
as well as GP zones. The Ti2Ni has partial coherency with
the matrix and the misfit is considerably relaxed. They found
the close relationship between the Ti2Ni precipitates and the

Ni-Ti matrix, and observed some similarity between the units
cells of both phases. A high magnification image of the inter-
face in their study revealed that some of the {110} planes are
continuous through the precipitate and the matrix. Since the
lattice parameter of Ti2Ni and the one of Ni-Ti exhibit a dif-
ference slightly less than four times, if the Ti2Ni precipitate
is coherent with the matrix at the beginning of the precipita-
tion process, a stress field is formed around the precipitate. In
the present paper, we cannot directly compare the results with
that obtained by Ishida et al. [51], because here the Ni-Ti film
is crystallized during the deposition process. Nevertheless, we
should consider that the continuous slight decrease of the lat-
tice parameter value of Ti2Ni, as calculated from d(333/511),
could also be associated with the formation of a stress field
around the precipitate.

During the last deposition period (without Ti co-sputter-
ing), Ti2Ni dissolves and, thus, plays the role of a reservoir
for the formation of B2 phase now preferentially stacking onto
(110). As suggested by the depth profile results of the atomic
concentrations (Fig. 2) this dissolution process is a conse-
quence of the shift of the global composition towards Ni-
richer, ending up at the near-equiatomic composition. Since
no relevant peak intensity changes could be discerned by in-
situ XRD during the annealing period, the main progress to
reach the near-equiatomic composition occurs certainly dur-
ing this last deposition step. During this step a significant
increase of the a0 value of the Ti2Ni is observed and for the B2
phase the increase is slightly higher for the value calculated
from d(110). The variation observed for the a0 value of the B2
phase can be related to the incorporation of Ti in the matrix.
We should also consider that if this dissolution process leads
to the formation of GP zones, compressive stress fields in the
matrix around them will be produced.

A detailed analysis of the morphology of the interface
Ni-Ti/naturally oxidized Si(100) was performed resulting in
the identification of several phases. NiSi2 silicides (A-NiSi2
and B-NiSi2) were detected on the substrate’s side as well as
Ti4Ni4Si7. A different ternary silicide type (not identified) and
Ti2Ni is perceptible on the Ni-Ti film’s side (Fig. 7, 8 and 9).
The native silicon oxide layer of the Si substrate is used here
as a reference in this delimitation (substrate’s side and film’s
side). For the deposition of near-equiatomic Ni-Ti films on
naturally oxidized Si(100) at high temperature (≈ 470 ◦C) Ni
atoms migrate from the Ni-Ti film to the Si substrate leading
to disilicide formation. Wu et al. [45] reported that the de-
velopment of NiSi2 instead of NiSi or Ni2Si might be due to
the (Si, O)-rich layer (native silicon oxide layer), which reacts
against the diffusion of Ni atoms, resulting in a lower Ni sup-
ply rate. Using a Ni/Ti bilayer system on Si(100) substrates,
Falke et al. [52] also found a preferential growth of epitaxial
NiSi2 at reaction temperatures of about 475 ◦C, i.e., the nickel
disilicide phase forms first. This was associated with the rela-
tively slow Ni transport rate through the Ti layer, which acts as
a diffusion rate-limiting barrier.

The migration of Ni from the Ni-Ti film leaves the film
adjacent to the interface depleted in Ni and the Ti-rich Ti2Ni
phase is formed having been detected in some areas along
the interface in our study (in this zone of the film the ap-
pearance of Ti2Ni phase is not related to the increase of the
power of the Ti target). The (111) planes of Ti2Ni were iden-
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tified making an angle with the interface that leads to the
(400) planes approximately parallel to the interface. In the
areas where the Ti2Ni is present, the B2 phase was identified
and the (100) planes are parallel to the interface. Published
studies concerning the crystallization of Ti-rich Ni-Ti films
at temperatures above crystallization temperature report gran-
ular Ti2Ni precipitates [2]. In this temperature regime two
situations with respect to the orientation relationship to the
B2 matrix were identified. For a Ti content lower than 53%,
Ti2Ni precipitates have a specific orientation relationship to
the matrix (B2 phase), because the precipitates are formed
after the crystallization of the B2 matrix. In this case it is
expected that the crystal axes of Ti2Ni and those of B2 are
parallel to each other. On the contrary, when the Ti content
is higher, the Ti2Ni phase is formed first, and then crystal-
lization occurs and no orientation relationship between the
precipitate and matrix could be identified. Based on the in-
formation provided by these earlier studies, we believe that
it is not a coincidence to find Ti2Ni with (400) planes ap-
proximately parallel to the interface in the B2 matrix with
the (100) planes parallel to the interface. It seems that after
the deposition and crystallization of a near-equiatomic film
fraction, the diffusion process led to the formation of Ti2Ni
precipitates apparently with an orientation relationship with
the matrix.

The Si and Ti atoms also migrate probably at a lower rate
than Ni since the formation of nickel silicide is less sensitive
to the O-rich layer than the formation of titanium silicide in
the Ti/Si-substrate system [53]. A near-Ti4Ni4Si7 compound
nucleates at the interface and, for higher temperatures, accord-
ing to the results from Wu et al. [45] it would grow into the
A-NiSi2 and the Si substrate. A ternary compound (Ti, Ni, Si)
of a different type also nucleates at the interface and grows
into the Ni-Ti film. Wu et al. [45] observed a ternary silicide in
this region and mentioned that it has a stoichiometry close to
TiNiSi. However, in our case this phase could not be identified
by HR-XTEM, suggesting that no crystalline order is present.

The deposition of Ni-Ti graded films and respective in-
situ and ex-situ characterization allowed us not only to obtain
essential information concerning the structural development
of Ni-Ti films on naturally oxidized Si(100) substrates but
also the production of Ni-Ti films exhibiting phase transform-
ations was achieved. The temperature dependence results of
the ER presented in Fig. 10 for cooling and heating show the
phase transformation behaviour of the graded film. During
thermal cycling B2, R-phase and B19′ phases are detected.
It is usually mentioned that the intermediate transformation
to the rhombohedral R-phase can be observed if the Ni-Ti
alloy is subject to specific processing conditions like: varia-
tion of Ni content, introduction of a ternary element, thermal
annealing, thermal cycling or cold working [24]. However, the
R-phase transformation has been already observed in Ti-rich
Ni-Ti thin films fabricated by sputtering, possessing Ti2Ni
precipitates with a specific orientation relationship with the
Ni-Ti matrix and strong strain fields around them [51]. Nam et
al. [54] also reported for Ti-rich Ni-Ti alloy ribbons made by
melt spinning the presence of Ti2Ni particles with an orienta-
tion relationship to the B2 phase and coherency strains around
them, which was thought to play an important role to induce
the R-phase transformation. In view of these results, we sug-

gest also for our samples a link between the Ti2Ni precipitates
and the R-phase transformation.

The temperature dependence results of the ER raise an-
other important question. By the transformation temperatures,
the existence of B2 phase at RT is not expected but HR-XTEM
images have shown lattice spacings agreeing well with those
of B2 phase near the interface film/substrate (see Fig. 5).
These images were obtained without intentional heating of the
TEM sample holder but it is necessary to take into considera-
tion that the electron microscope e-beam can provide energy
and consequently heating of the film. In case the phase trans-
formation temperature of this area of the film is only a few
degrees above RT, the e-beam can possibly provide enough
energy to cause the phase transformation. Johnson et al. [55]
demonstrated the actuation of a micro-scale device by using
electron-beam (ISI60 scanning electron microscope) heating.
Nevertheless, we believe that this is not the reason for the
detection of the B2 phase near the interface in our measure-
ments. Su et al. [56] observed (by XTEM) for films deposited
on thermally Si oxidized substrates (200 nm SiO2 layer) an in-
terlayer adjacent to the substrate which never transforms to
martensite even though the above layer shows a clear trans-
formation microstructure, presumably due to the mechani-
cal constraints imposed by the substrate. The untransformed
interlayer, consisting of parent phase and about 50–100 nm
thick, has been found in films of various thicknesses. Fu et
al. [57] studied the effects of film thickness on phase trans-
formation of constrained Ni49.8Ti50.2 films deposited onto
Si(100) substrates (the Si wafers were ultrasonically cleaned
in acetone, methanol and then de-ionised water, successively).
They have found a minimum thickness (about 100 nm for the
Ni-Ti film) necessary to guarantee apparent phase transform-
ation behaviours in the films. For very thin films the surface
oxide and interfacial diffusion layers exert a dominant con-
strained effect that renders high residual stress and low re-
covery stress in the film. The detection of the B2 phase near
the interface film/substrate in our study is in agreement with
those two works.

5 Summary

The growth of Ni-Ti graded films on naturally ox-
idized Si(100) substrates was investigated by in-situ XRD
complemented with ex-situ analysis techniques. During co-
sputtering deposition the Ti/Ni ratio was deliberately changed
by varying the power of the Ti target, thus depositing films
with distinctive composition and crystalline structure across
the film thickness. For a near-equiatomic composition the Ni-
Ti B2 phase starts by stacking onto (h00) planes and the
in-situ XRD measurements suggest that the film experiences
compressive stresses, which are significantly relaxed with in-
creasing thickness. A detailed analysis of the morphology of
the interface revealed the presence of NiSi2 silicides (A-NiSi2
and B-NiSi2), Ti4Ni4Si7, Ti2Ni as well as a non-identified
amorphous phase constituted by Ni, Ti and Si. The tempera-
ture dependence results of the ER for cooling and heating have
detected variations of the resistivity values associated with the
B2, R-phase and B19′ phases transitions. This work allowed
the identification of different phenomena on the growth of
graded Ni-Ti films on naturally oxidized Si(100), thus leading
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to the optimisation of the deposition parameters for future fab-
rication of films with a combination of pseudoelasticity and
shape memory characteristics.
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