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On the thermal expansion coefficients of thin films
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Abstract

Ž .The coefficient of thermal expansion CTE is an important mechanical property for thin film materials. There are several problems
that arise from the thermal expansion effect; for example, the mismatch of thermal expansion between the thin films and the underlying
substrate may lead to residual stresses in the thin films. On the other hand, the thermal expansion effect can be exploited to drive
microactuators. The CTEs of Al and Ti thin films were determined in the present study using the bilayer microcatilever technique. The
contribution of this paper is to demonstrate the variation of the thin film CTE with the film thickness. The CTE of the Al thin film
changes from 18.23=10y6r8C to 29.97=10y6r8C, when the film thickness increases from 0.3 to 1.7 mm. The CTE of the Ti thin film
changes from 21.21=10y6r8C to 9.04=10y6r8C, when the film thickness increases from 0.1 to 0.3 mm. Further, the concept that thin
film CTE may be influenced by the defects in thin film materials is proposed. Thus, a desired thin film CTE can be obtained by tuning the
film thickness as well as the deposition conditions. q 2000 Elsevier Science S.A. All rights reserved.
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1. Introduction

Thermal expansion is an important mechanical behavior
in the areas of microelectronics and microelectromechani-

Ž .cal systems MEMS . There are several problems that
arose from the thermal expansion effect, for instance, the
mismatch of thermal expansion between the thin films and
the substrate may lead to residual stresses in the thin films
w x1 . Thus, the electronic devices as well as the microma-
chined structures will be damaged or deformed by this
effect. On the other hand, the thermal expansion effect can

w xbe exploited to drive microactuators 2,3 . In order to
design micromachined components as well as microelec-
tronics devices properly, it is necessary to characterize the

Ž .coefficient of thermal expansion CTE for thin film mate-
rials. There are several available techniques used to mea-

w xsure the CTE of bulk materials 4–7 . However, the thick-
ness of the films are too small to be determined using the

w xconventional optical techniques 4–7 . Although the X-ray
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diffraction method can be used to measure the CTE of thin
film materials, it is only appropriate for crystalline struc-

w xtures 8–10 . The idea of determining thin film CTE with
w xan ellipsometer was available 11 . However, the variations

in thickness induced by factors other than thermal expan-
w xsion were not considered. In Ref. 12 , the thermal expan-

sion coefficient of thin film materials was determined
Žusing the deformation of micromachined cantilever micro-

.cantilever . Thus, the thermal expansion of the film with a
very small thickness can be determined accurately in this
manner.

It is obtained that the mechanical properties of thin
w xfilms, such as the residual stresses 1 and the elastic

w xconstants 13 , may not be the same as those of the bulk
materials. The mechanical properties of thin films can even
depend upon the film thickness and the fabrication pro-

w xcesses used 14 . Hence, it is more reliable to directly
characterize the mechanical properties from the thin film
to be determined. In this study, the approach presented in

w xRef. 12 is exploited to determine the CTEs of the alu-
minum and titanium films. The variation of the CTEs of Al
and Ti films with their film thickness is also discussed.
According to the experimental results, the difference of the
CTE between the bulk and thin film materials is signifi-
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Fig. 1. The SEM photographs of the bilayer microcantilevers consist of
Ž . Ž .a SiO and Al, and b SiO and Ti.2 2

cant. In addition, the CTE of thin films vary remarkably
with the film thickness.

2. Experiment and results

In this study, the thermal SiO film was used to fabri-2

cate microcantilever arrays. After a 1.1-mm thick SiO2

film was thermally grown using wet oxidation at 10508C,
the SiO microcantilever array with cantilever between 402

Fig. 3. A typical measured deformation profile of Al film obtained from
interferometric microscope.

and 200 mm long were fabricated using bulk micromachin-
ing. The bilayer microcantilevers were obtained after an
additional Al as well as Ti film was deposited onto the
SiO cantilevers. Thus, the CTE of Al and Ti films were2

measured using the bilayer technique presented in Ref.
w x12 . In the experiments discussed, the aluminum films
with thickness ranging from 0.3 to 1.7 mm were deposited
using thermal evaporation. In addition, the titanium films
with thickness ranging from 0.1 to 0.3 mm were deposited
using electron beam evaporation. The SEM photographs
shown in Fig. 1 are the bilayer microcantilever array
fabricated using the above processes.

The test sample, which contains bilayer microcan-
tilevers, is characterized by the experimental setup shown

w xin Fig. 2 12 . The test sample was heated by a heating
stage which had a controller to maintain deviations in the
temperature within 0.18C. In order to attain thermal equi-
librium, the sample was kept inside a chamber at a con-
stant temperature for about 5 min before the measurement.
As shown in Fig. 2, the temperature at the surface of the
silicon substrate was monitored using a thermal couple.
Since the bilayer microcantilever consisted of two thin
films with different CTEs, it was bent out of plane after
the sample heated by the heating stage. The deflection
profile of the microcantilever was measured using the

Fig. 2. A schematic of the experimental apparatus.
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Fig. 4. The data points obtained form the measured deflection profile of a
AlrSiO bilayer microcantilever at different temperatures.2

optical interferometer shown in Fig. 2. According to the
change of the radius of curvature of the bilayer microcan-
tilever, the CTE of the Al and Ti films were determined.

2.1. Aluminum thin film

The typical out-of-plane deflection configuration of a
AlrSiO bilayer microcantilever measured by the optical2

interferometer is shown in Fig. 3. The bilayer microcan-
tilever consisted of a 1.0-mm thick Al and 1.1-mm thick
SiO . The profile shown in Fig. 3 is measured along the2

path P™Q™R indicated in the inset. Thus, the region at
the left-hand side of point Q represents the thin film that
still bonded to the substrate. On the other hand, the region
at the right hand side of point Q represents the deformation
configuration of the microcantilever that suspended above
a cavity. According to the measurement, the bilayer micro-
cantilever had already been bent at room temperature. This
was mainly due to the existence of residual stresses for Al

w xthin film 1 . It is also obtained from Fig. 3 that the Al thin
film is under residual compression since the bilayer micro-

w xcantilever is bent downward 14 .
The data points shown in Fig. 4 were obtained from the

measured profiles of the bilayer cantilever at 308C and

Fig. 5. Variation of the CTE and film thickness for Al film.

Fig. 6. A typical measured deformation profile of Ti film obtained from
interferometric microscope.

908C. The curvature of the bilayer cantilever increases
after heating since the CTE of Al film is greater than that
of SiO film. Hence, the variation in the radius of curva-2

ture r for the bilayer microcantilever after heating from
Ž .308C to 908C is y35 mm i.e., from 277 to 242 mm . With

a change of the 1rr, the difference of CTE Da between
SiO and Al film was calculated as 23.20=10y6r8C.2

Since the CTE of SiO film was determined through the2

single layer microcantilever approach to be 0.25 =
y6 w x10 r8C 12 , the CTE of the 1.0-mm thick Al film is

23.45=10y6r8C within the temperature range of 308C to
908C. The CTEs of the Al films for five different thick-
nesses were determined in the same manner as well. As
shown in Fig. 5, the CTE of the Al thin film varies from
18.23=10y6r8C to 29.97=10y6r8C, when the film
thickness increases from 0.3 to 1.7 mm. The measurement
had been conducted for microcantilevers located at five
different arrays on the same wafer. The data points in Fig.
5 denote the average measured value, and the vertical bars
indicate the highs and lows that were recorded over the
ensemble of measurements. In comparison with the exist-

y6 w xing results, the CTE of bulk Al is 23=10 r8C 15 .

2.2. Titanium thin film

The typical out-of-plane deflection configuration of a
TirSiO bilayer microcantilever measured by the optical2

Fig. 7. The data points obtained form the measured deflection profile of a
TirSiO bilayer microcantilever at different temperatures.2
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Fig. 8. Variation of the CTE and film thickness for Ti film.

interferometer is shown in Fig. 6. The bilayer microcan-
tilever consisted of a 0.2-mm thick Ti and 1.1-mm thick
SiO . The profile shown in Fig. 6 is also measured along2

the path P™Q™R indicated in the inset. Due to the
existence of residual stresses for Ti thin film, the bilayer
microcantilever was also bent at room temperature. It is
obtained from Fig. 6 that the Ti thin film is under residual
tension since the bilayer microcantilever is curved upward
w x14 .

The data points shown in Fig. 7 were obtained from the
measured profiles of the bilayer cantilever at 308C and
908C. Since the CTE of Ti film is greater than that for
SiO film, the curvature of the bilayer cantilever decreases2

after heating. Thus, the difference of the radius of curva-
Žture r for the bilayer microcantilever is 55 mm i.e., from

.303 to 358 mm after heating from 308C to 908C. With a
change of the 1rr, the difference of CTE Da between
SiO and Ti film was calculated as 19.84=10y6r8C.2

Thus, the CTE of the 0.2-mm thick Ti film is 20.10=

10y6r8C within the temperature range of 308C to 908C. In
the same manner, the CTEs of the Ti films for three
different thicknesses were determined. As shown in Fig. 8,
the CTE of the Ti thin film changes from 21.21=10y6r8C
to 9.04=10y6r8C, when the film thickness increases
from 0.1 to 0.3 mm. The data points in Fig. 8 also denote
the average value for the measurement on five different
arrays, and the vertical bars indicate the highs and lows
that were recorded over the ensemble of measurements. In
comparison with the existing results, the CTE of bulk Ti is

y6 w x9.5=10 r8C 15 .

3. Discussion

It is obtained from the experiment that the CTE of the
Al film differs by 66% when the film thickness increases
from 0.3 to 1.7 mm. On the other hand, the CTE of the Ti
film differs by 60% when the film thickness increases
from 0.1 to 0.3 mm. Consequently, the CTEs of thin film
materials are very sensitive to the variation of film thick-
ness. The experimental results also show that the CTE of

the Al film is close to that of the bulk Al when the film
thickness is nearly 1 mm. However, the difference of the
CTEs between the bulk and the thin film Al increase with
the film thickness when it is greater than 1 mm. In other
words, the CTE of the thin film does not converge to that
of the bulk material when the film thickness increases. In
short, the CTE of thin film materials are not only affected
by the film thickness.

According to the fabrication processes, residual stresses
w xare normally generated into thin film materials 16 . In

order to investigate the variation of the thin film CTEs at
various film thickness, the residual stresses of the thin film
materials were characterized. The residual stresses of the
thin films were determined using the approach presented in

w xRef. 1 . The measurement had been conducted for micro-
cantilevers located at five different arrays on the same
wafer. The data points in Fig. 9 denote the average mea-
sured value, and the vertical bars indicate the highs and
lows that were recorded over the ensemble of measure-
ments. Fig. 9a shows the measured residual stresses for the
Al thin films with thickness ranging from 0.3 to 1.7 mm. It
is obtained that the Al film with its thickness within the
measurement range is under compression. The Al film is
evidently placed into higher residual compression for a
substantially thicker film as indicated in Fig. 9a. Fig. 9b
shows the measured residual stresses for the Ti thin film
with thickness ranging from 0.1 to 0.3 mm. As opposed to

Ž .Fig. 9. Variation of the residual stress and film thickness for a Al film,
Ž .and b Ti film.
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the Al film, the Ti film with its thickness within the
measurement range is under tension. In addition, the thicker
Ti film has higher residual tension.

The residual stress of thin films deposited through the
low temperature processes, such as sputtering and evapora-
tion, is due to the accumulation of crystallographic flaws
w x16 . For instance, the residual compression of the Al film
is due to defects of the thin film led by the trapped
impurities. Thus, the number of atoms per unit length, N ,a

for a Al film increases with the film thickness due to the
increasing of trapped impurities. On the contrary, the
residual tension of the Ti film is caused by the trapped
vacancies and gaps of thin film. The N for Ti filma

decreases with the film thickness due to the increasing of
trapped vacancies and gaps. The thermal expansion of a
material is generated by the increase of the average inter-

w xatomic distance during heating 10 . The thicker Al film
has a larger thermal expansion, since the N increases witha

the Al film thickness, whereas the thicker Ti film has a
smaller thermal expansion since the N decreases with thea

Ti film thickness. This result agrees with the phenomena
obtained in Fig. 5 and Fig. 8. Consequently, defects in thin
film serve as one of the primary mechanisms to change the
CTEs of thin film materials.

4. Conclusion

The CTEs of Al and Ti thin films were determined in
the present study using the bilayer microcantilever tech-
nique. In addition, the CTEs of Al and Ti thin films for
various film thicknesses were also characterized. The con-
tribution of this paper is to demonstrate the variation of the
thin film CTE with the film thickness. Further, the concept
that thin film CTE may be significantly influenced by the
defects of the thin film materials is proposed. Thus, a
desired thin film CTE can be obtained by tuning the film
thickness as well as the deposition processes.
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