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Ternary Zr–Cu–Ti system, especial with a high Ti content, is normally difficult to be fully vitrified.
In this paper, we demonstrate that cosputtering can produce amorphous Zr–Cu–Ti thin films with an
excessive Ti content even as high as 19%. Sub-Tg annealing of the film induces the formation of
medium-range-ordered clusters and to raise the nanohardness by 35% to 6.6 GPa. The promising
mechanical properties of the sub-Tg annealed Zr52Cu29Ti19 films offer great potential for
microelectromechanical system applications. © 2008 American Institute of Physics.
�DOI: 10.1063/1.2999592�

Amorphous alloys are considered promising for making
the microelectromechanical systems �MEMS�. For such ap-
plications, an amorphous alloy synthesized via sputtering
process can provide a wide compositional window for the
glass forming ability without microsegregation.1 For ex-
ample, Zhang et al.2 have conducted bending test with
notched, freestanding microbeam fabricated from Pd-based
thin film metallic glasses by focus ion beam. Fukushige
et al.3 have utilized the superplastic forming ability of amor-
phous alloys in the supercooled liquid region to produce mi-
croactuators.

The most well known binary amorphous system is prob-
ably Cu–Zr, which can be prepared by cosputtering4 or
multilayer sputtering plus postannealing.5–7 However, the
hardness ��3.5–4.0 GPa� and modulus ��80–100 GPa� of
Cu–Zr binary thin films are relatively low for a typical
MEMS device. One solution is to add Ti to improve the
hardness and modulus values over 5 and 120 GPa, respec-
tively, such that the MEMS device can have sufficient
strength, torque, and wear resistance. For the ternary Cu–
Zr–Ti amorphous system, most studies have been focused on
the Cu-rich bulk metallic glasses.8,9 Although the heat of
mixing ��Hmix� for Zr–Ti is nearly �0 kJ /mol, thermal re-
sistance of the Ti-containing Cu–Zr–Ti alloys was found to
be better than that of the Ti-free alloys.8,10

There have been several studies on the cast or roll-
bonded binary Zr–Cu, Zr–Ti, and ternary Zr–Cu–Ti amor-
phous alloys.10–12 However, there was no report on the study
of cosputtered thin films. In bulk form, the glass forming
ability and supercooled temperature region of Cu–Zr is sig-
nificantly degraded by adding excessive Ti.10 It is, therefore,
highly unlikely to produce a fully amorphous bulk specimen
with the Ti content more than 10 at. %. Having a much faster
quenching rate, thin film metallic glasses �THMGs� can offer
a much wider composition and processing window. Conse-
quently, a composition of Zr52Cu29Ti19 with an excessive Ti
content is selected for this study.

The response of the amorphous alloys below the glass
transition temperature Tg is of interest because sub-Tg is usu-

ally the actual application temperature. For example, the me-
tallic thin films for MEMS or semiconductors might be ex-
posed during photolithography soft baking or hard baking at
temperatures below Tg. Sub-Tg annealing would induce
structural relaxation in various forms.13 For example, Murali
and Ramamurty14 have conducted the sub-Tg annealing to
study the change of mechanical properties between the as-
cast and annealed Zr41.2Ti13.75Cu12.5Ni10Be22.5. Daniel et al.15

also performed the creep of a Zr–Cu–Al–Ni bulk glass an-
nealed near Tg to study the effect of structural relaxation on
the creep behavior. No systematic study has been conducted
on the sub-Tg response of THMGs.

The Zr52Cu29Ti19 thin films were codeposited on silicon
substrates using the magnetron cosputtering. The thickness
of the as-deposited films is 2.2 �m. It was not possible to
conduct differential scanning calorimetry measurement for
the film itself since it is difficult to safely detach the thin film
from the substrate. We adopt the published values of glass
transition and crystallization temperatures Tg and Tx, which
are estimated to be around 625 and 645 K,10 respectively.
The as-deposited specimens, denoted as specimens A, were
annealed at 473 and 563 K for 1 h in a vacuum environment,
denoted as specimens B and C. These specimens were sub-
sequently characterized by x-ray diffraction �XRD�, trans-
mission electron microscopy �TEM�, and field-emission high
resolution TEM �HRTEM�. The compositions were measured
by the energy-dispersive spectrometry in scanning electron
microscopy. The TEM specimens were prepared by ion mill-
ing below 3 keV in order to minimize possible crystalliza-
tion during the milling. The as-deposited and annealed speci-
mens were indented using a MTS XP nanoindentation
system at room temperature at a loading rate of 0.01 mN /s,
up to the maximum load of 5 mN. The oxygen contents were
measured by the Auger electron spectroscopy �AES�.

The XRD pattern from the as-deposited Zr52Cu29Ti19

thin film exhibits the typical broad peak, indicating an amor-
phous structure. After annealing at 473 K ��0.8Tg� and
563 K ��0.9Tg� for 1 h, the film still remains amorphous,
according to the XRD spectra. The peak widths at the half
intensity �, indicative of the interatomic distance, are mea-
sured and the data are plotted in Fig. 1�a�. With decreasing �
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value, the interatomic distance appears to slightly reduce as a
result of the sub-Tg annealing.

Figure 2�a� is the bright-field image of the as-deposited
specimen A. The inserted selected area diffraction �SAD�
pattern supporting the amorphous nature. After annealing at
473 and 563 K for 1 h, the amorphous nature still remains,
as shown in Figs. 2�b� and 2�c�. The intensity profiles of the
SADs for the three specimens are also tracked electronically.
The hump widths at the half intensity �� for the SADs are
measured and plotted in Fig. 1�b�. Again, the �� values show
a decreasing trend upon annealing.

The load-depth curves obtained from nanoindentation
are shown in Fig. 3. With the maximum load of 5 mN, the
indented depths for specimens A, B, and C are 210, 203, and
190 nm, all lower than 1

10 of the film thickness �2.2 �m� to
minimize the substrate effect. The extracted hardness data
are listed in Table I and also plotted in Fig. 1�c�. The hard-
ness is noted to increase from 4.9 GPa for the as-sputtered
specimen A to 6.6 GPa for specimen C, or an appreciable
increment of about 35%. These hardness values are noted to
be much higher than that of binary Cu–Zr �3.5–4.0 GPa�.
Also listed in Table I are the modulus �E� value, which
change only slightly from 120 to 125 GPa as a result of the
sub-Tg annealing �or only 4% increment�, indicating that the
basic atomic bonding does not change much. The indentation
pop-in phenomenon, generally attributed to shear band ini-
tiation, appears at a relatively late stage in the as-sputtered
film, but shows a higher occurrence in the annealed films;
this will be discussed later.

According to the XRD and TEM results, the basic amor-
phous nature still remains after the sub-Tg annealing, but the
hardness increases by 35%. Three possible factors may con-
tribute to the hardening and they are �1� oxygen effect, �2�
formation of medium-range-ordering �MRO� clusters, and
�3� annihilation of the atomic size holes.

Both Ti and Zr have a high oxygen affinity, thus oxygen
pick-up during vacuum annealing must be considered. AES
measurements from the three samples were done. It is found
that the oxygen content in the as-deposited film A is limited
to a thickness of about 8 nm from the surface. Oxygen pro-

file for specimen B is similar to that for specimen A, sug-
gesting that oxygen absorption at 473 K is insignificant. By
contrast, the curve for specimen C, which was annealed at
563 K for 1 h, shows some oxygen pick up. However, oxy-
gen absorption is still limited within 12 nm from the film
surface. These surface layers are not expected to significantly
affect the hardness values, which were obtained from an in-
dentation depth of �200 nm. Therefore, the oxygen absorp-
tion should not play a major role in the hardness increase.

Sub-Tg structure relaxation can proceed by various
routes. During the relaxation, although long-range diffusion
is not likely to occur, the thermal energy is sufficient to re-
arrange atoms locally ��1–2 nm� and form more stable
MRO structures.16,17 Structural examinations using TEM and
HRTEM do not reveal the presence of crystalline phase
greater than 2 nm. For example, Fig. 4�a� is a HRTEM image
of specimen A. The encircled area exhibits a scattering pat-
tern which is different from its surrounding region, suggest-
ing the presence of MRO structure. The corresponding Fou-
rier transformed diffraction patterns from the MRO region
�taken with a square selected area of 1 nm2� still show faint
and diffuse contrast, indicating it is not a crystalline phase. It
is noted, however, the density of MRO structure in the as-
sputtered specimen A is relatively low. The population of
MRO increases in specimens B �Fig. 4�b�� and C �Fig. 4�c��.
The population of MRO clusters in specimen C is higher
than those in B and A. The presence of these MRO clusters
in a glass matrix is expected to increase the resistance for
shear band propagation, thereby the strength or hardness.
This is similar to the case of having nanocrystals in a glass
matrix.18 A higher sub-Tg annealing temperature or longer
annealing time is expected to produce more MRO clusters
and, therefore, a higher hardness.

From a free-volume theory,19 the strain rate is a function
of he average free volume of an atom � f and the applied
stress, �. When the strain rate �or indentation rate� is fixed
and at room or low temperature, the relation can be simpli-
fied as

TABLE I. The nanoindentation properties of specimens A, B, and C, tested
at 0.01 mN /s. The data obtained from the binary Zr–Cu thin films in our
laboratory are also included.

Specimen
Indentation

depth h �nm�
Modulus E

�GPa�
Hardness H

�GPa�

Zr50–70Cu30–50 films 200 80–100 3.5–4.0
A 210 120�5.90 4.9�0.51
B 203 122�7.12 5.3�0.74
C 190 125�7.55 6.6�0.72

FIG. 2. TEM bright field micrographs of �a� the as-sputtered thin film,
specimen A, �b� the film after annealing at 473 K, specimen B, and �c� the
film after annealing at 563 K, specimen C. The spotty contrast is a result of
ion milling, it is not from the crystalline phase.

FIG. 1. The peak widths at the half intensity calculated from the �a� XRD
and �b� TEM results, utilizing the peak fitting with the amplitude version of
Gaussian peak function. The variation of hardness with the microstructural
change is shown in �c�.

FIG. 3. �Color online� Relation between the strain rate and load versus
indentation displacement for �a� specimen A and �b� specimen B. The curves
for specimen C are similar to specimen B.
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where k is the Boltzmann constant, T is the temperature, �0 is
the strain of a flow unit, �0 is the volume of a flow unit, � is
a constant, 	 is a geometrical factor, �* is the effective hard-
sphere size of the atom, and � f is the average free volume of
an atom. Assume further that shear band formation is propor-
tional to the average free volume density � f, it is evident that
the strength of the material increases with a decreasing � f. In
other words, the observed hardness increase after structural
relaxation is a result of the reduction of free volume caused
by sub-Tg annealing.

The amount and distribution of free volume obviously
play the major role in the formation of shear bands.19 Amor-
phous alloys synthesized via sputtering usually contain sig-
nificant amount of atomic size defects.13 In as-cast metallic
glasses, open-volume defects could be broken into two cat-
egories: intrinsic voids surrounded by nine or less atoms and
larger holes surrounded by ten or more atoms.20–22 The in-
trinsic voids which are typically smaller than an atom exhib-
ited certain similarity with Bernal’s canonical holes. These
voids cannot be removed by thermal annealing. By contrast,
the larger holes with size approximately equal to an atom or
termed as the atomic size holds were mainly nonspherical
with some resemblance to crystalline vacancies. They can be
removed by annealing.

During the nanoindentation of the as-deposited film
�sample A�, the atomic size holes serve as the sites for stress
release during the initial stage of deformation. This results in
a softer material and the delay of the onset of shear band
formation, i.e., pop-in �Fig. 3�a��. It was pointed out by
Schuh et al.23 that shear band would not nucleate unless
shear transition zone �STZ� cluster has reached the critical
size. This requires multiple STZs operating in a sequential
fashion, assisted by the deformation-induced free volume.
Thus, the onset of pop-in does not occur until the exhaustion
of the atomic size holes and the creation of sufficient amount
of deformation-induced free volume.

During sub-Tg annealing, atoms can rearrange locally
without long-range diffusion, which reduces the average dis-
tance among atoms. The majority of atomic size holes were

gradually annealed out and the structures in samples B and C
are partially relaxed. Upon indentation, because of the lack
of the atomic size holes to absorb deformation strain, pop-ins
occur much earlier in these samples, as shown by arrows in
Fig. 3�b� for specimen B. Similar situation occurs for speci-
men C.

In summary, a fully amorphous Zr52Cu29Ti19 thin film
can be prepared by cosputtering. With the high 19 at. % Ti
added in the Zr–Cu film, the hardness and modulus can
increase to 4.9 and 120 GPa, respectively, well above the
levels of �4 and �90 GPa for the binary Zr–Cu amorphous
films. Sub-Tg annealing at 0.8 and 0.9Tg further increases
the film nanohardness to a level up to 6.6 GPa, or an
increment of 35% and 89% as compared to the as-sputtered
Zr52Cu29Ti19 film �4.9 GPa� and binary Zr–Cu films
��4 GPa�, respectively. The pronounced increment in
strength offers great opportunity for making a stronger
MEMS device. Based on the HRTEM and pop-in analyses, it
is reasonable to conclude that the pronounced increase of
nano-hardness is attributed to the formation of MRO clusters
��1 nm in size� and the vanish of the free volumes and
atomic size holes during sub-Tg annealing.
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FIG. 4. �Color online� The high-resolution TEM image of �a� specimen A,
�b� specimen B, and �c� specimen C. The marked circles correspond to the
MRO clusters. �d�, �e�, and �f� show the Fourier transformed diffraction
patterns for the white squares in �a�, �b� and �c�, respectively.
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