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The most challenging requirement for depositing NiTi-based shape memory thin films is the control
of film composition because a small deviation can strongly shift the transformation temperatures.
This article presents a technique to control film composition via adjustment of the power supplied
to the targets during simultaneous sputter deposition from separate Ni, Ti, and X �e.g., Hf� targets.
After optimization of sputter parameters such as working gas pressure, target-substrate distance, and
target power ratio, binary Ni100−xTix thin films were fabricated and characterized by energy
dispersive x-ray spectroscopy in a scanning electron microscope �to measure the film composition
and uniformity�, in situ x-ray diffraction �to identify the phase structures�, and differential scanning
calorimetry �to indicate the transformation and crystallization temperatures�. To explore the
possibility of depositing ternary shape memory NiTi-based thin films with a high temperature
transformation �100 °C, a Hf target was added to the NiTi deposition system. Annealing was
carried out in a high vacuum furnace slightly above the films’ crystallization temperatures �500 and
550 °C for NiTi and NiTiHf films, respectively�. Differential scanning calorimetry �DSC� results of
free-standing films illustrated the dependence of transformation temperatures on film composition:
Ap and Mp �referring to the austenitic and martensitic peaks in the DSC curve� were above room
temperature in near equiatomic NiTi and Ti-rich films, but below it in Ni-rich films. In NiTiHf films,
the transformation temperatures were a function of Hf content, reaching as high as 414 °C �Ap� at
a Hf content of 24.4 at. %. Atomic force microscopy revealed nanostructure surface morphology of
both NiTi and NiTiHf films. Detailed characterization showed that the film properties were
comparable with those of NiTi and NiTiHf bulk alloys. © 2005 American Vacuum
Society. �DOI: 10.1116/1.2011404�

I. INTRODUCTION

The basic phenomenon of the shape memory effect is the
martensitic phase transition between relatively high-
temperature, high symmetry austenite phase and low-
temperature, low symmetry martensite, such that the de-
formed alloy can revert back to its original shape when
heated above its transition temperature.1 This unique prop-
erty and additional excellent superelasticity and biocompat-
ibility have led to considerable interest in NiTi-based shape
memory alloys for functional applications at low �e.g., NiTi
�100 °C� and high �e.g., NiTiHf �100 °C� temperature.2,3

Growth of shape memory alloys �SMAs� in thin film form
improves high response actuation during thermal cycling and
opens applications in microelectromechanical systems
�MEMS� and Bio-MEMS.4,5

Fabrication of SMA thin films is commonly performed by
rf or dc magnetron sputtering.6 However, deposition of use-
ful shape memory material is often problematic due to dif-
ferent sputtering yields of depositing elements which cause
compositional deviation between alloy target and deposited
film �NiTi-based alloys are very sensitive to composition
variation and 1 at. % deviation near the equiatomic compo-
sition can shift the transformation by around 100 °C�.7 For
example, sputtering of NiTi thin films from an equiatomic
NiTi alloy target invariably leads to Ni-rich films �films may
be Ti poor with respect to the target by around 2–4 at. %�
because the sputtering yield for Ni is higher than that for
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Ti.8,9 This problem is exacerbated in ternary alloy films de-
posited from an alloy target: Johnson et al.10 deposited
NiTiHf films from an alloy target, and these showed no
transformation behavior above room temperature after an-
nealing, probably due to an excess of nickel. The simplest
and most common solution to this composition problem is to
place small pieces of pure Ti �or the third component, X, e.g.,
Hf� onto the wear track of the binary or ternary NiTi �X�
target to compensate for the increased Ni sputtered flux.6,10

Alternatively this can be achieved by cosputtering of the
alloy target with the required element as an additional
target,4,11 using a manufactured alloy target enriched in the
deficient component�s�,12 or varying the working gas pres-
sure in the chamber.13 However, target modification gener-
ally requires a trial and error approach to produce the correct
film composition: the composition adjustment using Ti or Hf
plates requires control of numerous parameters such as num-
ber, geometry, size and position, and any subsequent change
of the deposition parameters will require readjustment. It is
also difficult to adjust the composition by varying Ar gas
pressure because at high pressures films become brittle, with
poor structure.14 Manufacture of the required alloy targets by
investment casting or powder metallurgy requires careful
control of impurities such as oxygen, or prealloyed powder
impurities.15 Manufacturing a sputtering target from the as-
cast �e.g., NiTiHf� alloy may also be difficult because the
alloys are brittle �e.g., for high Hf content�.16

We have used a method to fabricate binary Ni100−xTix and
ternary Ni50Ti50−xHfx films by simultaneous deposition from
separate pure Ni, Ti, and Hf targets, controlling the film com-
position by adjusting the ratio of powers supplied to each
target. This technique is cost effective �fabrication from pure
elements�, can easily be optimized under varying sputtering
parameters, and can be developed to deposit other ternary
shape memory thin films. Results show that the film quality
is comparable with bulk material.

II. FABRICATION PROCEDURE

NiTi films were deposited by ultrahigh vacuum dc mag-
netron sputtering onto unheated Si �100� substrates of dimen-
sion 10 mm�5 mm. The deposition system allowed three
magnetrons �target size: 35 mm�55 mm�, plus associated
heater leads, instrumentation feedthroughs, viewing port, and
rotary shaft to be placed on one standard 200 mm o.d. flange,
inserted into a 150 mm i.d. nitrogen-cooled can.17 Configu-
ration of the targets used in this study is shown schematically
in Fig. 1, with three targets �Ni, Ti, and Hf with a purity of
99.9%� and a substrate support which was rotated in the
horizontal plane during film deposition in order to achieve a
uniform film composition. The power to each target was con-
trolled precisely by computer. A base vacuum of �10−6 Pa
was achieved after overnight bakeout and subsequent liquid
nitrogen cooling of the chamber walls prior to deposition. A
constant flow of Ar �99.999%� was controlled with a leak
valve during film deposition, and various sputtering gas pres-
sures ��0.6–1.2 Pa� were set by throttling the gate valve.

Without substrate rotation, and at a target-substrate dis-
tance of 55 mm, a composition variation around 0.5 at. % per
mm was produced across a single substrate �this variation
was inversely proportional to the target-substrate distance�.
With rotation of the substrate support at 10 rpm a uniformity
around 0.01 at. % per mm was obtained.18

A range of Ar sputtering gas pressures between 0.6 and
1.2 Pa was used to explore the effect of working gas pressure
on the film microstructure and shape memory properties.
Following deposition at high Ar gas pressure, the as-
deposited films were brittle and easily fractured.

Figure 2 shows the film composition as a function of ap-
plied power to each target in binary and ternary systems. The
composition of as-deposited films was determined by elec-
tron dispersive x-ray spectroscopy using a JEOL JSM-
5800LV operating at 15 keV. In the binary NiTi system, Fig.
2�a�, the applied power to the Ni target was kept at 27 W
and, by changing the Ti power from 95 to 85 W, film com-
positions varying from Ti-rich, to near equiatomic and Ni-
rich were achieved. Figures 2�b� and 2�c� show the results of
adding Hf to the optimized near-equiatomic NiTi films. By
increasing Hf power and decreasing Ti, the Ti content of the
film was replaced by Hf. These results were obtained at a
constant target-substrate distance of 55 mm and a working
gas pressure of 0.6 Pa.

The thickness of the films was measured by surface pro-
filometry �Talysurf 6, Taylor-Hobson� using the step height
on a masked silicon substrate: the thickness of the films was
around 2 �m, the deposition rate was calculated to be
�1 �m/h. As-deposited films were subsequently annealed
in a vacuum furnace �base pressure �10−5 Pa with heating
and cooling rates of approximately 50 °C/min. A Siemens
D500 x-ray diffractometer �XRD� with Cu K���
=1.54056 Å�� x-ray source, equipped with temperature con-
trol was used to identify the film structure as a function of
temperature. Differential scanning calorimetry �DSC�
�Q1000, TA instrument, with the minimum required mass
=0.5 mg� was used to indicate the crystallization temperature
and transformations at heating and cooling rates of
10 °C/min. The surface morphology of the films was deter-

FIG. 1. Schematic sputtering configuration.
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mined by atomic force microscopy �AFM� �Digital Instru-
ments Nanoscope III� under contact mode at room tempera-
ture.

III. RESULTS AND DISCUSSION

The as-deposited films exhibited no crystalline XRD
peaks, suggesting an amorphous structure. A broad peak
around 2�=42° and 40 ° was observed for NiTi and NiTiHf
films, respectively, indicating that the structure is expanded
by introducing Hf into the NiTi binary system.

To find an appropriate annealing temperature for crystal-
lization of the as-deposited films, a DSC measurement was
made after peeling the films from their Si substrates. Figure 3
shows the crystallization temperature: for an equiatomic NiTi
film this was around 472 °C and for Ni49.5Ti34.9Hf15.6 it was
502 °C. The crystallization temperature of NiTiHf was de-
pendent upon the Hf content, increasing to 519 °C with in-
creasing atomic percent of Hf �to 28.7 at. %�. More details
are given in Ref. 19.

Based on these DSC results, the as-deposited films were
annealed in a high vacuum furnace at 500 °C for NiTi films
and 550 °C for NiTiHf for 1 h. Figures 4�a� and 4�b� show

the room temperature XRD patterns of annealed NiTi and
NiTiHf films, respectively. The peak positions show that at
room temperature the phase structure of both NiTi and
Ni49.5Ti34.9Hf15.6 annealed films corresponds to monoclinic
martensitic structure �by comparison with monoclinic struc-
ture of NiTi from XRD source data file No. 35-1281�. The
peak positions and intensity of the NiTiHf film are slightly
different from those of the NiTi film. The lattice parameters
a ,b ,c, and the monoclinic angle 	 were calculated for NiTi
as 2.89, 4.11, 4.62 Å, and 97.07° respectively, while those
for NiTiHf with 15.6 at. % Hf were 3.01, 4.07, 4.79 Å, and
101.86°, similar to the reported data for �15 at. %� NiTiHf
bulk alloy.20 These results indicate that the Hf addition
causes an increase of a ,c, and 	, and a decrease of b.

Figures 4�c� and 4�d� show XRD spectra of a NiTi film at
100 °C and NiTiHf at 200 °C, respectively, indicating the
presence of a parent austenite phase at higher temperatures.
During heating, the room temperature monoclinic martensitic
structure transforms to the cubic austenitic phase in both
films. The austenitic peaks of these films are not in the same
position, indicating that Hf additions lead to an expanded
austenitic lattice �a=3.01 Å for NiTi and 3.08 Å for 15.6
at. % Hf�.

Figures 5�a� and 5�b� show the DSC plots of NiTi and
NiTiHf films, respectively, revealing the phase transforma-
tion behavior associated with the shape memory effect. Both
the heating and cooling curves demonstrate a single endot-
herm and double exotherm, indicating the presence of R

FIG. 2. Film composition as a function of applied power to the targets �the
power of Ni was kept at 27 W�: �a� for Ni100−xTix films; �b� and �c� for
Ni50Ti50−xHfx films.

FIG. 3. Crystallization temperature evaluation of: �a� near-equiatomic
Ni49.4Ti50.6 and �b� Ni49.5Ti34.9Hf15.6 films.

FIG. 4. XRD trace of crystallized films: �a� Ni49.4Ti50.6 at room temperature
�RT�, �b� Ni49.5Ti34.9Hf15.6 at RT, �c� Ni49.4Ti50.6 at 100 °C, and �d�
Ni49.5Ti34.9Hf15.6 at 200 °C.
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phase during phase transformation in both films. In the NiTi
film, during heating, the downward endothermic peak �Ap�
corresponds to the transformation to the austenitic phase, for
which the transformation starts from 71 °C and finishes at
86 °C. During cooling two upward exothermic peaks �Rp
and Mp� correspond to transformation from austenitic to the
intermediate rhombohedral R, phase structure1 followed by
martensitic structure at room temperature. In NiTiHf the
transformation steps are similar, but occur at higher tempera-
ture and over a wider temperature range, confirming a wider
hysteresis loop for NiTiHf alloys. The occurrence of the aus-
tenitic transformation �Ap� above 150 °C illustrates the
transformation temperature increase with increasing Hf con-
tent.

Figure 6 shows the phase transformation temperatures
�for Ap and Mp� as a function of composition for both binary
NiTi and ternary NiTiHf thin films. In Fig. 6�a� the transfor-
mation temperatures are seen to be very sensitive to Ti con-
tent: deviation of around 1 at. % from near equiatomic com-

position causes the transformations to take place below room
temperature �e.g., a Ti content of 48.8 at. % had a martensitic
transformation �Mp� around −50 °C�. Similar results have
been reported elsewhere for NiTi bulk material.7 As can be
seen from Fig. 6�b�, by adding Hf the transformation tem-
peratures are at first decreased �below 5 at. % Hf�, but for
higher Hf additions, the transformation temperatures are in-
creased considerably. An austenitic transformation tempera-
ture �Ap� around 414 °C is achieved by replacing Ti in
NiTiHf with Hf content about 24.4 at. %. For NiTiHf alloy, it
has been reported elsewhere that the transformation tempera-
tures increase with increase in the Hf content and that the
highest phase transformation temperature �above 500 °C� is
reached with a Hf content of around 30 at. %.21,22

Figure 7 shows the AFM micrographs of both NiTi and
NiTiHf film surface morphology. As can be seen in this fig-
ure, the surface feature size of the NiTi film is �100 nm
while that of the NiTiHf is �100 nm. This difference in
surface morphology may reflect the different annealing tem-
peratures �higher in the case of the NiTiHf�. The crystalline
domain size for the films was also estimated to be �100 nm
from the width of the austenitic XRD peaks at high tempera-
tures, assuming that they are free from nonuniform strains,
using the Scherrer formula.23 Recent studies have shown that
fine grain structures in thin films may lead to significantly

FIG. 5. DSC plots of: �a� near-equiatomic Ni49.4Ti50.6 film and �b�
Ni49.5Ti34.9Hf15.6.

FIG. 6. Transformation temperature as a function of composition: �a�
Ni100−xTix binary and �b� Ni50Ti50−xHfx �Mp and Ap refer to exothermic and
endothermic peaks in the DSC graph�.

FIG. 7. AFM surface images of: �a� near-equiatomic Ni49.4Ti50.6 and �b�
Ni49.5Ti34.9Hf15.6.
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different transformation temperature from those of corre-
sponding bulk coarse-grained samples due to suppressed
martensitic transformation in fine crystalline grains.24,25

However, our results show that the shape memory effect can
be achieved in both binary NiTi and ternary NiTiHf thin
films with grain sizes of �100 nm.

IV. CONCLUSION

A technique was explored to deposit binary and ternary
NiTi-based shape memory thin films using simultaneous
sputter deposition from separate elemental targets. Character-
ization of films of varying composition was carried out using
XRD and DSC. Transformation temperatures were shown to
be a function of film composition: in NiTi films the transfor-
mation temperature was sensitive to composition around the
equiatomic Ni/Ti ratio, and Hf additions led to austenitic
transformation temperatures �Ap� up to 414 °C at 24.4 at. %
Hf. The advantages of this method are the ability to control
the film composition precisely with any chosen sputtering
parameters, and the lack of a requirement to fabricate binary,
or ternary, alloy targets.
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