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Abstract: Amorphous thin films of Tisi.78 Niz.24 Pdas.os alloys were deposited onto n-type( 100) Si wafer by radio

frequency magnetron sputtering. From X-ray diffraction patterns, the crystallization temperature of thin film on Si

wafer is found to be higher than 553.1 C. The film heated at 750 C for 1 h quite crystallizes along with some pre-
cipitation, but at 550 C it partially crystallizes. With heating for 50 h at 450 C before crystallization, the film will
contain more B19 phases after succeeding heat-treatment at 650 C, but less B19 phases after 750 C treatment are

found. The fracture morphology of the film heated at 550 C shows a flat pattern with more steps, whereas that of

the film preparing at 750 C displays a well-defined fine granulation structure. 550 C-heated film is harder than as-

deposited film because of good cohesion between film and Si wafer.
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1 INTRODUCTION

Shape memory thin film is regarded as one of
the most promising materials for micro-electro-
mechanical system( MEMS)'"™ because it provides
large output force per unit volume and works as
both the structural and the functional components.
Deposited TiNi thin films have been intensely in-
vestigated and are widely used at present. TiNiPd
high-temperature shape memory thin films exhibit
higher phase transformation temperature compared

with the usual ones'*

, and respond quickly due
to the efficient thermal exchange, thus have re
ceived great attentions for fabricating micro-
actuators.

It is important to study the phase transforma-
tion behavior, because the shape memory effect is
realized through the
process. In Tiso Niso- « Pd. alloys, phase transfor-
Tt s
known that the transformation sequence is changed

from B2-B19 through B2-R-B19', to B2-B19-B19,

and then into B2-B19 as the Pd content increases.

generally transformation

mation has been studied by many authors'®

Here, B2 refers to the high temperature austenite
phase ( CsCl type structure), while B19 and B19
to the orthorhombic and monoclinic martensites,
respectively. According to our previous work con-
cerning the bulk Tiso: » Pd3o Nix- . alloys, both the

B2-B19 and the B2-B19-B19 transformations can
be retained through various heat treatments'” . In
the films sputtered from ( TiPd)so ( TiNi)so tar-
get'"” | it is believed that a mixture of B19 and
B19 phases would exist at low temperature. It is
therefore necessary to obtain a clear understanding
of the effects of heat treatment on microstructure
of TiNiPd thin films. Thin film sputterdeposited
on Si wafer was proposed for fabricating microac
tuators or micro-devices used in MEMS!'Y | so that
the film on Si wafer was emphasized in this paper.

2 EXPERIMENTAL

A Tiso.sPdsoNiw. 4 ingot was made by arc melt-
ing 99% Ti, 99% Ni and 99. 9% Pd on a water
cooled copper mould under a controlled protective
argon atmosphere. The ingot was remelted four
times, and then homogenized in vacuum at 1000 C
for 5h. Finally, the ingot was hot-rolled into
I mm-thick plate at 800 C. A target with gauge
size of d78 mm X 1 mm was spark eroded followed
by mechanical polishing. Films were formed by ra-
dio frequency(r. f.) magnetron sputtering onto un-
heated silicon wafer substrates in Ar gas at 0. 3 Pa.
The base pressure in the deposition system was of
the order 10”* Pa, r.f. power was 200 W and the
substrate-target distance was about 50 mm. The
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sputtering time was 30 min and the film thickness
was about 2 Hm. The as-deposited thin films on Si
wafer were protected by T1i plate for crystallization
at 550 'C, 650 C, 750 C for 1 h, respectively, in
evacuated quartz capsules, and some of them were
pre-crystallized at 450 C for 5 or 50 h previously.
Energy-dispersive X-ray microanalysis( EDX)
was employed to measure the compositions of the
film using PHILIPS SEM 515 energy spectrometer.
X-ray diffraction( XRD) measurements were per-
formed using a Rigaku Dmax-rc diffractometer
with a Cu Kq radiation. The crystallizing point of
the thin films was determined by differential scan-
ning calorimetry ( DSC) using a NETZSCH DSC
404 calorimeter. The specimen peeled from Si wa-
fer weighed 1. 4 mg and the heating / cooling rate
for the measurement was 40 C/min. In order to
observe the fractograph of the films under different
heat treatment conditions, HITACH S2700 scan-
ning electron microscope ( SEM) was used. The
nano-hardness of the films before and after crystal-
lizing was measured by CSM Nano-H ardness-T est-
er NHT S/N: 06-0140. The maximum load 10 mN
was applied to the films on Si wafer by linear load-
ing. The loading/ unloading rate was 20 mN/min
and Poisson s ratio of the films was assumed as

0. 25.
3 RESULTS AND DISCUSSION

3.1 Film compositions

The Ti, Ni and Pd contents in the film on Si
wafer are listed in Table 1. They were inhomoge-
neous in many micro-regions. The maximum con-
tent of Niis at the center of the Si wafer, but the
minimum contents of Tior Pd is there. The case is
inversed at the edge of the Si wafer. The variation
ranges of Ti, Ni and Pd contents all exceed 2%
(molar fraction). The distance between substrate
and target strongly influences the deposition rate
and uniformity of composition on the substrate
surface. Shortening the distance can enhance the
deposition rate, while degenerate the uniformity of
'l Tt has been found that the trans-
formation temperature of TiNrtbased alloy is very

composition

sensitive to the Ti content and can be changed
greatly even by a slight fluctuation of the Ti con-
[13] :

)" '. Obviously,
the variation in Ti, Ni and Pd contents will cause a

tent less than 1% (molar fraction

various transformation temperature distribution in
micro-region in the film. In order to eliminate the
inhomogeneity of the film compositions, a long-
time or a high-temperature treatment is necessary.

Because Ti, Ni and Pd elements are very dif-
ferent in their sputtering rates and adsorption coef-
ficients at substrate surface, the film compositions
are deviated from those of Tiso.sNiw 4Pds alloy tar

Table 1 Compositions of target and
deposited film on Si wafer( molar fraction, %)

Deposited film on Si wafer

Element Target
Mean Min M ax Range
Ti 50.6 51.78 50.67 53.15 2.48
Ni 19.4 22.24 21.13 23.22 2.09
Pd 30.0 25.98 24.65 26.98 2.33

get. It can be found from Table 1 that 1. 18% for
Ti and 2. 84% for Ni higher but 4. 02% ( molar
fraction) for Pd lower than those of the target
made of Tiso.6Pdso Niw 4 ingot. Generally, in TiNi
films the Ti content is lower but Ni content is
higher than that of the target because the sputte
ring yield(number of atoms sputtered per Ar ion)
for Ti is lower than that for Ni. In ternary alloy
TiNiPd films, it is Pd content not Ti content that
is far lower than that of the target. The addition of
Pd in TiNiPd alloy is to hoist the phase transfor-
mation temperature M. and/ or A.. Insufficient Pd
in the film induces the M. and/ or A« of the film to
the temperature below that of the target, at which
the film is fabricated. Unlike making TiNi alloy
film, in order to obtain an ideal compositions in Tt
NiPd film with higher transformation temperature,
the target must be enriched with Pd not Ti.

3.2 Film crystallization

The XRD patterns reveal that the sputter
deposited film on Si wafer is in amorphous or non
crystalline state and for crystallization the film
should be heated at the temperature over crystalli-
zing point. Fig. 1 shows the heat flow curves of the
film heated from 100 Cto 1000 C and then cooled
to 300 C. The heat-cooling cycle is run again when
cooling the film to room temperature after first cy-
cle. An exothermic peak appears at the heat stage
of the first cycle but disappears at the second one,
which implies that the exothermic peak results
from film's crystallization because the film is in
amorphous state at the beginning of first cycle but
in crystalline state at the second one. The peak
temperature(553. 1 C) is the crystallizing point of
the film. Fig. 2 shows the XRD patterns of the film
as deposited and heated at 550 C for 5h. Fig.3
and Fig.4 show the XRD patterns of the films
heated at 650 C and 750 C respectively. Some
XRD patterns of the films undergoing pre-crystalli-
zation at 450 C for 50 h before crystallization are
also shown in Fig. 3 and Fig. 4. According to the
XRD patterns, the crystallinity of the films is
strongly dependent on the crystallization tempera-
ture. During heating below 500 C, the films have
little change and retain amorphous structure, in
whose XRD pattern appears diffuse scattering.



. 870 - Trans.

Nonferrous Met.

Soc. China Aug. 2005

The film heated at 550 C, in spite of being or not
being pre-crystallized at 450 C, undergoes some
crystallization and only small part in the film is
crystallized. The XRD pattern remains diffuse
scattering shape mostly but some diffraction peaks
appear, which indicates some crystals form. Up to
650 C the films basically crystallize and the XRD
pattern shows some sharp diffraction peaks but a
little diffuse scattering is residual. The film heated
at 750 C completes crystallization entirely. The
treatment of pre crystallization at 450 ‘C does not
have more effects on the crystallinity of the films.

1 — First heat-cooling cycle
| 2 — Second heat-cooling cycle
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Fig.1 DSC curves of film measured during
heating from 100 C to 1 000 C then
cooling to 300 C
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Fig.2 XRD patterns of films as-deposited
and crystallized at 550 'C for 5h

According to the DSC result, the film heated
over 550 ‘C will be in crystalline state but the fact
revealed by XRD is not so.
related to Si wafer. The film used in DSC measure

This disaccordance is

is free-standing but the films heated for crystalli-
zing are attached to mtype (100) Si wafer. The
structure of Si wafer influences the crystallization
of the film adhered on it. When films are heated, a
preferred orientation linked to single crystal Si wa-

1 — Crystallization at 650 °C for Lh
2 -— Pre-heat-treatment at 450 °C for 50 h and
crystallization at 650 °C for L h 9
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Fig. 3 XRD patterns of film crystallized at
650 C for 1 h with and without

pre-heat-treatment

1 — Crystallization at 750 °C for 1 h
2 — Pre-heat-treatment at 450 “C for 50h and
crystallization at 750°C for 1 h
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Fig. 4 XRD patterns of films crystallized at
750 C for 1 h with and without

pre-heat-treatment

fer is promoted so that crystallization is impeded.
From XRD pattern of the film heated below 550
'C, a weak peak at about 26= 70° corresponding to
Si {400} appears. The atoms cohered to Si periodic
lattice will move hard for forming other lattices,
which leads to the films on Si wafer crystallizing
completely at the temperature higher than normal
crystallizing point.

3.3 Phase constitution

According to the XRD results, after crystalli-
zation, chief phases in the TiNiPd film on Si wafer
are TrNrPd ternary alloy phases: B2 austenite
B19 orthorhombic martensite and B19Y
monoclinic martensite at room temperature. Al

phase,

though B2 is high temperature phase, it exists at
room temperature whether the film crystallizes at
550 C or at 750 C. Fig. 2 instructs that there is
many B2 phase in the film heated at 550 C for 5 h.
Fig. 3 and Fig. 4 also instruct that some B2 phases
appear in the film heated at 650 C or 750 C.
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When the transformation from amorphous phase to
crystal occurs in the film at high temperature, the
first crystal phase formed in the film is B2 austent-
ite phase which is the equilibrium phase and is sta-
ble at that temperature. At enough low tempera-
ture, the B2 phase formed at high temperature
changes to B19 or B19 martensite which is the e
quilibrium phase at room temperature. At the tem-
perature below 550 C the crystallization in the film
is not completed and the B2 phase formed will not
change to martensite and exists still at room tem-
perature because nonuniform component in the B2
phase does not meet with atoms co-operation re
The B2 phase

formed at the temperature high enough is homoge-

quired for forming martensite.

neous and easily changes to B19 or B19 martens-
ite. But a little B2 phase remains at room tempera-
ture owing to nonuniform microdistribution.

Fig. 3 and Fig. 4 clearly show that most mar-
tensites in the films are B19 orthorhombic martens-
ite and a little part is B19 monoclinic martensite.
The Pd-content in the film affects the contents of
B19 or B19 and the type of phase transforma-
tion'" . When the Pd-content in the film is below
10% ( molar fraction), B2-B19-B19 two-stage
phase transformation will happen as temperature
falls and B19 monoclinic martensite chiefly forms
in the film at room temperature. B19 and B19 will
coexist at room temperature w hen B19-B19 trans-
formation is incomplete. When the Pd-content in
the film is over 15% ( molar fraction), only B2-B19
onestage phase transformation happens and B19
orthorhombic martensite chiefly exists at room
temperature. In this paper, the Pd-content in the
film reaches 25% ( molar fraction) so that there is
more B19 phases in the crystallized film. The pre-
cipitates formed in crystallization will change Pd-
content of the matrix. Fig. 3 and Fig. 4 show that
TiNi3, Ti2Pd and TisNis precipitates appear in the
films. The formation of Pd precipitation TiPd will
reduce Pd-content in the matrix and leads to B19
forming, but the formation of Ni precipitates TiNi3
or TisNis will do inversely. From Fig. 3 it is found
that pre crystallization at 450 C impedes TizNis
formation in the film heated at 650 C, as a result,
B19 peaks appear; but from Fig. 4 precrystalliza-
tion slows down Ti:Pd formation so that less B19
forms in the film after the second heat treatment at

750 C.

3.4 Electron fractography

By SEM the fractography of the films formed
with Si substrate broken by bending or compress-
ing or colliding etc is observed. The effect of heat-
ing temperature for crystallization on the fractogra-
phy is found. Fig.5 shows the cross-sectional SEM
micrographs of the films on Si wafer crystallized at

different temperatures. The fracture of as-deposr
ted films exhibits a dense structure or flat pattern
with some steps and no clustered columnar struc
The film heated at low tem-
perature (550 C, 1 h) also shows the same dense

ture is observed ' .

structure but with far more steps (Fig. 5(a)),
whereas the film prepared at high temperature( 750
C, 1 h) reveals a welldefined fine granulation
structure and no flat pattern is seen( Fig. 5(b)). A
striated pattern is observed evidently but the fine
grain builds up the striae. The fine granulation
structure suggests that grains are relatively perfect
and appears to be caused by the crack propagating
along grain or martensite boundary. The grain and
martensite formation will inherit or develop colum-
nar structure that is innative in sputterdeposited

1 which weakens column boundary and in-

films
duces crack to propagate, so the striated pattern
forms at fracture surface as shown in Fig. 5(b).
The amorphous state in film as-deposited without
weak boundary resists crack propagating so that
the flat pattern forms when fracture happens. The
film heated at 550 'C undergoes imperfective crys-
tallization and retains amorphous state mostly, but
atom relaxation in the film at that temperature
abates film's resistance for crack propagating so
that more steps appear at the fracture surface as
shown in Fig. 5(a).

i(a)

Fig. 5 Crosssectional SEM micrograph of

films on Si wafer
(a) =550 C for 1 h; (b) —750 C for 1 h

3.5 Nano hardness

Fig. 6 shows nanoindentation curves measured
for nano-hardness HV of the films as-deposited and
heated at 550 C. The value of nano-hardness HV
is achieved from the curves by equation: HV =
Fua/ (9. 814 * he).

load, A.and h. are contact area and depth of inden-

Here Fux is the maximum

tation corresponding to maximum load respective-
ly. The nano-hardness is 774 in the as-deposited
film but increased to 831 in the film heated at 550
‘C because of atom relaxation and some intergranu-
lar formed in the film. As shown in Fig. 6, two
curves are coincident entirely at the loading stage
but no overlap appears at the unloading stage. Fig.
6 indicates that curve 1 drops quickly with load de-
creasing and ends up at depth of 179. 1 nm, but
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curve 2 drops slowly and ends up at 153. 6 nm,
which instructs that the film asdeposited recovers
less and retains more deformation after unloading,
but the film heated at 550 ‘C recovers more and re-
serves less deformation. That is, the film heated at
550 C is harder than the film as-deposited. Fur-
thermore, it is found that unlike as-deposited one,
the film will hardly be peeled out from Si substrate
after heat treatment at 550 C and will exhibit good
cohesion with Si wafer. These are attributed to the
chemical reactions between TiNi( Pd) and Si which
completes in 30 min treatment at 525 C''.

10 1— As-deposited, HV774
2 — Heated at 550 °C for 1 h, HV831
8 -
g 6f :
i,
4r /
0 50 100 150 200 250

hinm

Fig. 6 Nanoindentation curves measured for
nano-hardness HV

4 CONCLUSIONS

1) The films on Si wafer crystallize completely
at the temperature higher than normal crystallizing
point. The crystallinity of the films is strongly de-
pendent on the crystallizing temperature.

2) At room temperature, B19 orthorhombic
martensite is the chief phase and some B2 and B19
phases coexist in the crystallized films. Pre
crystallization at 450 C for 50 h will accelerate
B19 phase formation in the film after succeeding
heat-treatment at 650 C but slow it down after
heat treatment at 750 C.

3) The fracture morphology of the film heated
at 550 Cis different from that of the film prepared
at 750 C. The former shows a flat pattern with
more steps whereas the latter displays a well
defined fine granulation structure.

4) The film heated at 550 C is harder than as
deposited one because of good cohesion between
film and Si wafer.
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