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Abstract

Thin films of Ni Mn Ga alloy were deposited onto a 3-inch diameter n-type Si(100) wafer by r.f. magnetron51.45 25.30 23.25

sputtering. The observation of high resolution transmission electron microscopy shows that the as-deposited thin films were
partially crystalline and dense, with a preferred growth of L2 structure nanoparticles. The crystallization activation energyQ of1

the as-deposited free-standing thin film was found to be 234 kJymol by Kissinger’s method. The onset crystallization temperature,
T , was 4278C at the 108Cymin heating rate. BothQ andT are much lower than those of near-equiatomic TiNi alloy mainlyx x

due to its inherently partial crystallization in as-deposited films.� 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

The near stoichiometric Ni MnGa alloys are known2

as the ferromagnetic shape memory alloys(SMAs) w1–
4x. Bulk single crystals of near stoichiometric Ni MnGa2

alloys have shown exceptionally large magnetostriction
and thin films of these alloys have been regarded as
promising candidates for microelectromechanical sys-
tems(MEMS) applicationsw5,6x. However, the crystal-
lization behavior of Ni MnGa thin films have not yet2

been reported. Dong et al. have grown 300 A single˚
crystal (001)Ni MnGa films on (001)GaAs by the2

molecular beam epitaxy methodw7x. Wuttig and Craciu-
nesco indicate that near stoichiometric Ni MnGa films2

with a thickness of 1mm can be DC magnetron sputter-
deposited on oxidized Si(100) substratesw8x. They
found that the as-deposited Ni MnGa films, by keeping2

the substrate temperature at room temperature, were
partially crystalline as evidenced by the width of the X-
ray diffraction(XRD) (220) peak(Subscript A meansA
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the parent L2 phase of Ni MnGa alloy). According to1 2

the results of near-equiatomic TiNi alloys which are
another class of important SMAs, as-sputtered TiNi films
onto a non-artificial heated substrate are amorphous and
do not behave as SMAs. Therefore, the crystallization
behavior, such as the crystallization temperature and its
activation energy, is important for the fabrication process
of TiNi thin films w9x. We suggest that the understanding
of crystallization behavior is also important to thin films
of near stoichiometric Ni MnGa SMAs as-sputtered at2

room temperature substrates.
In the present research, Ni MnGa thin films with near2

stoichiometric composition were studied by r.f.-sputter-
ing. Thin films with thicknesses of 1.5mm and 5mm
were removed from the Si(100) substrate and tested by
differential scanning calorimetry(DSC). From DSC
data, the crystallization temperature can be determined,
and thereafter the activation energy of crystallization
can be calculated by Kissinger’s methodw10x. The
microstructure of the peel-off thin film with 5mm
thickness was also observed by a high-resolution trans-
mission electron microscopy(HRTEM). X-Ray diffrac-
tion (XRD) tests were also conducted to identify the
phases of as-deposited thin films.
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Fig. 1. The XRD tests of as-deposited Ni Mn Ga thin film.51.45 25.30 23.25

(a) The 1.5-mm-thick thin film, (b) the magnified diagram of(a) in
the 2? range of 208 to 608, (c) the 5-mm-thick thin film.

Table 1
Sputtering conditions used in this study and the composition of the sputtered films

Argon gas r.f. Sputtered film Distance between Sputtering w3xAverage composition(at.%)
pressure power thickness target and substrate time

Ni Mn Ga(torr) (W) (mm) (mm) (min)

0.005 100 1.5–5 80 90–300 51.45 25.30 23.25

2. Experimental procedure

Near stoichiometric Ni MnGa thin films were depos-2

ited onto a 3-inch diameter n-type Si(100) wafer in a
2-inch r.f. magnetron sputtering apparatus using a
Ni MnGa target. The target was prepared by vacuum2

arc melting from the raw materials of nickel(purity
99.9 wt.%), Mn55–Ni45 mother alloy(in wt.%) and
gallium (purity 99.99 wt.%), then homogenized at 850
8C for 48 h, and finally wire-cut into a 2-inch-diameter
target disk. The composition of target disk was deter-
mined by the electron probe microanalyzer(EPMA) of
a JEOL JAX-8600SX instrument and was found to be
Ni Mn Ga (in at.%). The sputtering conditions50.22 24.77 25.01

used in this study are given in Table 1. Table 1 also
lists the composition of as-sputtered thin films deter-
mined by EPMA. This composition was found to be
Ni Mn Ga (in at.%).51.45 25.30 23.25

The sputtered films were peeled from the substrate
and then cut into smaller pieces and encapsulated in an
aluminum pan for the DSC test. DSC measurement was
conducted by a DuPont 2000 thermal analyzer equipped
with a quantitative scanning system 910 DSC cell for
controlled heating and cooling in pure Ar gas. According
to Kissinger’s method, data of different heating rates in
the DSC test are required for calculating the activation
energy of crystallization, in which each heating rate
corresponds to its crystallization peak temperature. Thus,
samples were put directly into the 3008C DSC cell and
then heated with heating rates of 10, 20, 30, 40 and 50
8Cymin to the maximum temperature 5808C. The
amorphous structure and crystallization phases of thin
films before and after annealing were confirmed by a
Philips PW1719 XRD instrument. Here, XRD tests were
conducted by film-on-substrate specimens for as-depos-
ited thin films. The microstructure of peeled-off thin
film with 5 mm thickness were also observed by
HRTEM. TEM specimens were fabricated by grinding,
dimpling and then ion-milling at 5 kV to perforation.
Microstructural observation was performed using a
HRTEM model JEOL 4000FX operated at 400 kV with
2.6 A point-to-point resolution and 1.8 A line-to-line˚ ˚
resolution. The ?L value used in this study is 20.6 A˚
mm with Lscamera length and ?s0.00031 A at 400˚
kV.

3. Results and discussion

3.1. XRD and HRTEM tests for the as-deposited thin
films

Fig. 1a shows the XRD spectrum of as-deposited
Ni Mn Ga thin film with 1.5 mm thickness,51.45 25.30 23.25

whereas Fig. 1b is the magnified diagram of Fig. 1a in
the 2? ranging from 208 to 608. From Fig. 1a,b, the as-
deposited thin film is partially crystallized with(220)A
and(222) XRD diffraction peaks appearing at approx-A

imately 448 and 558, respectively, and an amorphous
mound appearing at approximately 308. Fig. 1c is similar
to Fig. 2a but now the thin film thickness is 5mm.
From Fig. 1c, the intensities of the amorphous mound
and(222) peak are both reduced significantly, however,A

the intensity of(220) peak increased remarkably. TheA
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Fig. 2. The HRTEM observation of as-deposited Ni Mn Ga thin film of 5mm thickness.(a) The bright-field image,(b) the dark-field51.45 25.30 23.25

image,(c) the SADP of(a), (d) the lattice image of crystalline particles of(a).

broadened(220) peak and 308 amorphous mound showA

that the thin film of Fig. 1c is partially crystalline. The
HRTEM observation of the specimen of Fig. 1c is
shown in Fig. 2, in which Fig. 2a is a bright field image,
Fig. 2b is a dark field image. Fig. 2c is a selected area
diffraction pattern(SADP) of Fig. 2a and Fig. 2d is the
lattice image of Fig. 2a. From Fig. 2, it is further
confirmed that the thin film of Fig. 1c is partially
crystalline with the ring pattern of the strongest intensity
coming from(220) planes. Fig. 2d also indicates thatA

the lattice image of crystalline phase corresponds to the
distance of(220) planes, i.e. 2.06 A. The crystallineA

˚
particles in the partially crystalline film are nanoparti-
cles. They are dense and random-distributed with the
particles’ size being less than 50 nm.
Experimental results of Figs. 1 and 2 also indicate

that the as-deposited thin film of Ni Mn Ga51.45 25.30 23.25

alloy has the(220) preferred growth in the crystallineA

phase. Compared with the(220) peak intensities ofA

Fig. 1a,c, the(220) peak intensity increases with theA

increase of film thickness. This characteristic comes
from the fact that the temperature of substrate increases
continuously during the course of sputtering. The higher
the substrate temperature, the more the crystalline vol-
ume in the as-deposited thin film can be obtained. The
ring pattern of the strongest intensity of Fig. 2c is

diffracted from the(220) planes of L2 phase andA 1

shows a band-type ring, instead of a line-type ring. This
phenomenon implies that the plane distance of(220)A
may have a little variation among nanoparticles, as these
nanoparticles may have different state of stress in the
as-deposited thin film.

3.2. Crystallization temperature of sputtered
Ni Mn Ga thin films51.45 25.30 23.25

Fig. 3a shows a sample heated in a DSC cell with a
heating rate 108Cymin from 300 to 580 8C and
crystallized with a single heat peak. After the first
heating run, this sample was cooled in the DSC cell to
room temperature, and then heated again in the same
cell to 580 8C. Fig. 3b shows the DSC result of the
second heating run and no heat peak can be detected.
The crystallization temperature, taken as the temperature
at onset, is 4278C. This temperature is also indicated
asT in Fig. 4 in the DSC curve of 108Cymin heatingx

rate. Wuttig et al.w8x indicate that the film-on-Si sub-
strate of Ni Mn Ga sputtering film annealed at 40050 30 20

8C can develop the martensitic transformation, i.e. its
crystallization temperature is approximately 4008C. The
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Fig. 3. The DSC curves of as-deposited Ni Mn Ga thin film51.45 25.30 23.25

(5 mm thickness) at the heating rate 108Cymin. (a) The first heating
run from 300 to 5808C, (b) the second heating run from room tem-
perature to 5808C (only 200–5808C is shown in this figure).

Fig. 4. DSC curves with different heating rates from 300 to 5808C
for the as-deposited Ni Mn Ga thin film(5 mm thickness).51.45 25.30 23.25

The peak temperatureT and the onset crystallization temperaturep

T for each curve are also indicated.x

Fig. 5. Kissinger’s plot for the DSC data of Fig. 4.

difference of the crystallization temperature of near
stoichiometric Ni MnGa thin films found in this study2

and that in Wuttig and Craciunescow8x may come from
the difference of the films’ composition and their inher-
ent stress state.

3.3. Activation energy of crystallization calculated by
Kissinger’s method

The crystallization activation energy of as-deposited
thin films with 5 mm thickness can be calculated by
Kissinger’s method according to the following equation:

2Ž .ln ayT sCyQyRT (1)p p

wherea is the heating rate,T is the peak temperaturep

of the DSC curve,C is a constant,R is the gas constant
andQ is the crystallization activation energy.
Fig. 4 shows the DSC curves of specimens indicating

the peak temperature and the corresponding heating
rates. From the data of Fig. 4, ln(ayT ) vs. 1yT is2

p p

plotted in Fig. 5 and the activation energyQ is deter-
mined to be 234 kJymol. In Fig. 4, the onset crystalli-
zation temperature,T , for each heating rate is alsox

indicated.
The crystallization temperatureT and crystallizationx

activation energyQ of near-equiatomic TiNi SMAs are
much higher than those of near stoichiometric Ni MnGa2

SMAs, say 416 kJymol and 5118C, respectively, for
Ti Ni alloy w11x, and 234 kJymol and 4278C,49.93 50.07

respectively, for Ni Mn Ga alloy. We suggest51.45 25.30 23.25

that the as-deposited Ni Mn Ga thin film hav-51.45 25.30 23.25

ing partially crystalline, instead of fully amorphous,
accounts for the reason why it has much lowerT andx

Q values.

4. Conclusion

Thin films of Ni Mn Ga alloy were depos-51.45 25.30 23.25

ited onto a 3-inch diameter n-type Si(100) wafer by r.f.
magnetron sputtering without heating the substrate. XRD
and HRTEM tests show that the as-deposited thin films
are partially crystalline with dense nanoparticles of L21

structure. The volume of crystalline particles increases
during the course of sputtering and these particles are
preferred growth on(220) with particles’ size beingA

less than 50 nm. Experimental results also show that the
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activation energy of crystallization,Q, of free-standing
thin films is 234 kJymol by Kissinger’s method. The
onset crystallization temperature,T , is 4278C at the 10x

8Cymin heating rate. Both ofQ and T values ofx

Ni Mn Ga thin films are much lower than51.45 25.30 23.25

those of near equiatomic TiNi alloys. The characteristic
of partially crystalline property inherent in the as-
deposited Ni Mn Ga thin films may account51.45 25.30 23.25

for the difference of crystallization behavior between
TiNi and Ni MnGa SMAs.2
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