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Stability of nano-scale thin metal films under tension
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Abstract: This paper presents a basic structure combined with a film and a substrate to investigate the
damage and deformation of thin films and to predict the life time of MEMS. The bifurcation and frac-
ture of thin films under a tensive load were determined by an experiment where the film/substrate
structure was used as the specimen. The substrate was a deposited aluminium film with different
thicknesses of 100,150 and 200 nm. Then the experiment was initiated using our designed loading de-
vice. An OLYMPUS microscope was used to observe the change of the topography of the film sur-
face. The destruction of the film and the corresponding sizes of the load and displacement were recor-
ded. Finally,the effects of film thickness on bifurcation and fracture were obtained by comparing ex-
perimental results. These show that the relevant rupture strain increases with the film thickness and
the crack density along the loading direction depends on the thickness of the film and the failure stain
when there are cracks appear on the film surface.

Key words: nano-scale thin film; metal film;bifurcation; fracture; tension; MEMS

Received date:2011-03-08 ; Revised date:2011-04-30.
Foundation item: Supported by National Natural Science Foundation of China (Grant No. 10732080;No. 11072174)



2294 b=

e TR

%19 %

1 Introduction

The structures of the film/substrate and multi-
layer films/substrate play important roles in in-
formation science and engineering'". For exam-
ple, there are many conductors, semi-conductors
and insulating films in integrated circuits for da-
ta storage and processing systems, and magnetic
films play a key role in disk storage systems. An
important application is in MEMS, which has
great prospects in the industrial, information,
medical and other fields with the advantages of
small size, light weight, and low power con-

2], In the application of these fields,

sumption
one type of damage of the film is bifurcation and
fracturing under tension; the second type is
buckling and delamination under compression.
In recent years, many foreign researchers
have focused on thin films mainly because of the
wide use of them. Research in this area, not on-
ly numerical analysis, can be investigated by cre-
ating a reasonable mechanical model, but also by
an experiment. Using numerical analysis, many
valuable conclusions were obtained, such as Hill
and Hutchinson™, Dorris and Nemat-Nasser™?,
Steif”®, Bigoni'® on the depth study of bifurca-
tion problems for the structure of nano-film sub-
strates. They used a linear perturbation analy-
sis, and introduced bifurcation perturbation
methods to provide the relationship between bi-
furcation strain and wave number. However,
the thickness of the film is usually nano-scale,
so experiments are much more effective. For in-
stance, L.i T, Huang Z Y, Xi Z C, Lacour S P,
Wagner S, Suo Z'") did a preliminary study of

the bifurcation problem for a thin film under a

stretching load. They found that the film will
produce fractures under a certain degree of ten-
sion, that is not caused by a brittle fracture but
by strain localization, such as necking. Kang"
researched an aluminum film deposited on a
polyimide substrate,and the result of the experi-
ment indicate that the film does not form cracks
until the strain reaches 20%. Pashley” and
Lee!'® performed experiments showing that met-
al films often rupture at relatively small strain.
Further, Chiu"'", Macionczyk and Bruckner''?),

Gage and Phanitsirit**

, Yu and Spaepen™*! stud-
ies a metal film on a polymer substrate, showing
that the specimen can withstand a larger strain,
ranging from several to tens of percent before
fracture. In the present paper. based on these
earlier studies, we investigate bifurcation and
fracture for a structure consisting of a thin film
bonded to a substrate. In this experiment, we
use aluminum film deposited on a PET substrate
as the test piece. We load the specimen with
special loading equipment and use a OLYMPUS
microscope to observe the bifurcation and frac-

ture of the film surface.

2 Theory background

In Li Teng and Suo Z. '*, the mechanical anal-
ysis of the deformation for the specimen model is
introduced. Fig. 1 describes the model; a metal
film with initial thickness h, deposited on an e-
lastomer substrate, with initial thickness H.
The metal film obeys the J, deformation
theory. Under a tension load, the metal deforms
under the rule s=Ke", where. K is the pre-fac-

tor, and N is the hardening exponent. The sub-
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strate deforms according to
o= (E/3) (exp(2e) —exp(—e)) ,
where E is Young’s Modulus. Because of the

plane strain condition, for x; direction in the

metal thin film oq, =K (2//3)V N and in the e-
lastomer substrate o, = (2E/3)sinh(2¢). How-
ever, by volume conservation, the film and sub-
strate will be thinner in x, direction. Consequent-

ly, the homologous force in the x, direction is

L — [(J%)Wa' + Zsinh2e) Eljexp—o) |

We define a parameter EH/Kh, which
measures the reaction of the substrate. In addi-
tion, different values of parameters determine
different bifurcation phenomena. In this article,
we use the specimen in which the films with dif-
ferent thicknesses are deposited on the sub-

strates with the same thickness to change the

value EH/Kh.

3 Experiments

The thickness of the PET substrate of the speci-
men used in this experiment is 0. 12 mm, and the
viewed area width is 3 mm. Fig. 2 shows the
shape of specimens that are prepared by magnet-
ic sputtering in a vacuum. Before sputtering the
film, substrates are cleaned by sonicleaning u-

sing absolute ethyl alcohol, and then are sput-

tered to deposit the aluminum layer on the sub-
strate. Controlling the sputtering time, changes
the thickness of the specimen film. In this ex-
periment, there are three thicknesses 100 nm,

150 nm, and 200 nm.

Fig. 2 Specimen with aluminum layer on a PET sub-
strate. The position of circle hole fixes the
specimen and the middle of specimen is the

observation area.

We designed an in-situ stretching device.
There is a force sensor in the loading device to
measure the corresponding force. We used a mi-
cro-cantilever sensor to record the change in dis-
placement. The topography of the film surface
was observed using an OLYMPUS microscope.
Loading the specimen slowly, we recorded the
changes of the film surface under different ten-
sile loads applied on the specimen using a CCD

camera.

4 Results and discussion

4.1 Results of the experiment

In Li T and Suo Z'*!, Li T, Huang Z Y et al'™,
Xiang Y, Li T er /'™, under stretching, the lo-
cal strain concentration of the film leads to local
elongation. The local elongation requires addi-
tional space for its accommodation. By volume
conservation, this space cannot be created on the

film bonded to the substrate. Hence, the film
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will be thinner at these spots and necking ap-
pears beyond a certain strain. Studies show that
a metal film on an elastomer substrate may de-
velop an array of necks before rupture. Once the
film forms a neck at a local spot, further de-
formation is localized in the neck, and leads to
rupture. In the experiment, limitations of the
microscope, make it difficult to capture the criti-
cal bifurcation point, but we observe micro-
cracks on film surface result from the neck. We
can use these cracks to observe the bifurcation a-
rising from stretching. Fig. 3 shows micro-
cracks captured during the test. From micro-
photos, we find that there are more micro-cracks
for a film with a thickness of 100 nm. However,
for a film with a thickness of 200 nm, a smaller
number of cracks were observed. Although
there are no micro-cracks captured with a film
thickness of 150 nm by counting the number
cracks, we find that the number of micro-cracks

for this film is below that of the 200 nm film,

but more than of the 150 nm film.

After micro-cracks appear on the surface of
the metal film with increasing of tension strain,
the cracks start to propagate. Fig. 4 shows the
distribution of cracks in films with different
thicknesses. When the films are stretched by
3%, we find a great number of spallation cracks
in the image but only a few cracks run through
the viewing area. However, for the 150 nm
film, we can see more traversal cracks and a
smaller of spallation cracks. There are no cracks
on the film surface for a 200 nm film. If the film
is stretched by 12%, there are more cracks for
all three thicknesses of films and the cracks are
more uniform. The number of cracks decreases
as the film thickness increases. For a 100 nm
film, the shape of the cracks is not constant.
Based on continuity of the original cracks, a
great number of additional discrete cracks ap-
peared on the 150 nm film. In the photos of the
200 nm film, we find that the shape of the

cracks appear mainly discontinuous, and are ac-

companied by small traversal cracks.

F=150 nm

Fig. 3 Micrograph of films when micro-cracks appear on the surface,and the direction of load is horizontal
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(b)Film stretched by 12 %

Fig.4 Micrograph of films under different strains horizontally

4.2 Discussion
Using the experimental information we plot a
trend line of the failure strain as a function of

film thickness in Fig. 5. It is evident from Fig. 3
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Fig. 5 Plot of the failure strain as a function of film

thickness for a metal film on a PET substrate

that the 200 nm film has the highest failure
strain, and the 100 nm film has the lowest fail-
ure strain. From the trend line, we see that the
failure strain for the 150 nm film is intermedi-
ate. In addition, the failure strain rises rapidly

with increasing film thickness.

As the applied tensile strain increases, more
cracks appear. We can count the number of
cracks on a certain length along the loading di-
rection. Fig. 6 shows that rupture strains affect
on the number of cracks per 100 pm, we call this
density of cracks along the loading direction. We
can use this Fig to study the role of film thick-
ness on the rupture strain. From Fig. 4(b), the
density of cracks in the 150 nm film is between

that for films of 100 nm and 200 nm thicknes.
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Fig. 6  Effect of rupture strains on the number of

cracks per 100 pm
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Furthermore, as the failure strain increased, the
density along the loading direction also increa-

ses, when the rupture strain is below 20%.

5 Conclusions

In this paper, we investigated the crack distribu-
tion in aluminum films with different thicknesses
deposited on PET substrate under tensile load-
ing. Above the bifurcation point, the cracks e-
volved from micro-cracks to spallation cracks.
As the film thickness decreased, the relevant
rupture strain also decreased. In addition, com-
paring the images between the films with differ-

ent thicknesses stretched by 3% and 12%, we
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