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Abstract. The elastic modulus is a very important mechanical property in micromachined
structures. There are several design issues such as resonant frequencies and stiffness in
micromachined structures that are related to the elastic modulus. In addition, the accuracy of
the results from a finite element model is highly dependent upon the elastic modulus. In this
study a simple technique to characterize the elastic moduli of thin films of any thickness was
developed. The film to be measured formed a bilayer cantilever with another film through
standard micromachining processes. Due to the residual stresses of these two films the
bilayer cantilever was deformed without any external load. Through the deformation profile
of this self-deformed bilayer cantilever, the elastic modulus of the deposited film was
determined. A theoretical model was developed to predict the variations of the elastic
modulus of a deposited film and the deformation profile of a bilayer cantilever. Experiments
were also conducted to demonstrate the applications of this approach. In the experiments,
bilayer cantilevers constructed from thin films of different materials and residual stresses
were fabricated and measured.

1. Introduction

Thin film materials are used widely in the areas of microelec-
tronics, magnetic recording systems, microelectromechani-
cal systems, etc [1, 2]. The thickness of the thin film materials
can range from several hundred angstrom, for example the
overcoat of a hard disk, to several microns, for example a
micromotor. In order to improve the performance of thin
film devices, it is necessary to characterize their mechani-
cal as well as electrical properties. The elastic modulus is a
very important mechanical property. There are several de-
sign issues related to the elastic modulus such as resonant
frequencies and stiffness. In addition, the accuracy of the
results from finite element analysis is also very dependent on
the elastic modulus.

Because thin films have thicknesses of the order
of microns, the traditional elastic modulus determination
techniques used for bulk materials, such as the tensile test,
are not applied extensively [3]. In addition, the test in [3]
requires a special experimental setup and specimen. On
the other hand, the elastic moduli for components on the
dimensional scale of microns are not evident in advance,
and particularly so, to the extent that the process by which
the thin film is grown affects the material properties [4, 5].
For instance, the ion bombardment effect may change the
residual stress and elastic modulus of a sputtered film [4].

The elastic modulus of a thermal oxide depends upon the
growing process (wet or dry) [5]. Therefore, it is not reliable
to predict thin film material properties from bulk material or
through extrapolations of thick film properties.

Currently several techniques in addition to [3] have
been developed to characterize the elastic moduli of thin
film materials. For example, the load–deflection tests on
microstructures through the load from electrostatic voltage
and pressure have been discussed [6, 7]. Unfortunately
a complicated experimental setup is required for these
measurement techniques. The load–deflection tests using a
surface profiler [8] and nanoindenter [9] are also available.
In these two approaches, mechanical contact between
the probe and the micromachined structures during the
measurement is inevitable. This may lead to some unwanted
effects such as friction during the measurement. Indirect
methods devised for determining the elastic moduli of thin
films include techniques that involve measurement of the
resonant frequencies of micromachined beams [10–12]. An
additional experimental setup is also required to excite
the micromachined structures for measuring their resonant
frequencies.

This study intends to develop a simple technique to
characterize the elastic moduli of thin films of any thickness.
In this technique, the film to be measured will be deposited
on top of a film with known material properties. As shown
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Figure 1. Fabrication processes of the bilayer cantilever:
(a) single-crystal silicon and a film with known material property;
(b) deposition of the film to be measured; (c) patterning;
(d) anisotropic etching.

in figure 1, these two films form a bilayer cantilever after a
standard bulk micromachining process. Due to the mismatch
of the residual strains for these two films, the bilayer
cantilever will be deformed without any external loading.
Through the deformation profile of this self-deformed bilayer
cantilever, the elastic modulus of the deposited film is
determined. In the following text, a theoretical model is
developed to predict the relationship between the elastic
modulus of a deposited film and the deformation profile
of a bilayer cantilever. Experiments are also conducted
to demonstrate the applications of the proposed technique.
Thus, the elastic moduli of the thin films are determined after
the diagnostic micromachined cantilevers are fabricated and
measured.

2. Theoretical analysis

Thin film materials, which were grown or deposited on top of
a substrate, have normally existing residual stresses. For the
first approximation, the residual stresses can be represented
using [13]

σtotal ≈ σ0 + σ1

(
y

h/2

)
. (1)

In (1), σ0 represents a uniform residual stress (either in
compression or in tension) andσ1 represents a gradient
residual stress. The uniform residual stressσ0 of the thin
film will be relieved through the free end of a single-layer
cantilever. On the other hand, the single-layer cantilever will
be bent by the gradient residual stressσ1 with a radius of
curvature

ρ = Eh

2σ1
(2)

whereE = Ef /(1 − νf ) is the biaxial elastic modulus
and Ef and νf are the elastic modulus and Poisson’s
ratio respectively of the thin film. The model problem
considered here as illustrated in figures 2 and 3 corresponds
to a micromachined cantilever that consists of two different
films as shown in figure 1(d). This situation arises,
for instance, when a plasma enhanced chemical vapour
deposition (PECVD) nitride film is deposited onto a thermal

Figure 2. (a) A bilayer cantilever under gradient residual stresses
(σ1)i and (b) the loadings applied on the bilayer cantilever after the
release of the gradient residual stresses.

Figure 3. (a) A bilayer cantilever under uniform residual stresses
(σ0)i and (b) the loadings applied on the bilayer cantilever after the
release of the uniform residual stresses.

oxide film and then patterned and etched into a cantilever.
Due to the relief of the residual stresses the bilayer cantilever
will be deformed, although there are no external forces or
moments. This self-deformed bilayer cantilever is exploited
in this research to determine the elastic moduli of the thin
films.

The uniform residual stresses and gradient residual
stresses for the films of the bilayer cantilever illustrated in
figures 2(a) and figure 3(a) are(σ0)i and(σ1)i (i is the index
for different films, i = 1 to 2) respectively. The bilayer
cantilever will be bent after the gradient residual stresses as
well as the uniform residual stresses are relieved from the
films. Hence, the net deflection of the bilayer cantilever will
be superposed by the deflections lead by both(σ0)i and(σ1)i .
In short, the proposed analytical model is more accurate
than the conventional bimetallic cantilever model [14] by
introducing the effect of the gradient residual stress(σ1)i .
After the gradient residual stresses are relieved from the films,
there is a resultant bending momentmi acting over the etched
films as shown in figure 2(b). The momentmi corresponding
to the biaxial elastic modulusEi (=Ef i/(1 − νf i)), the
moment of inertiaIi , and the radius of curvatureρi for each
film is simply mi = EiIi/ρi . Thus, the bilayer beam is
bent with a radius of curvatureρgradient by the total bending
moment

∑
mi [15]

ρgradient= E1Ieffective

m1 +m2
= 12Ieffective

h3
1
ρ1

+ e1h
3
2

ρ2

(3)

wherehi is the thickness of the films ande1 = E2/E1.
In (3), ρ1 and ρ2 are the radii of curvature of the single-
layer cantilevers made from films 1 and 2, respectively. In
addition, Ieffective is the effective moment of inertia of the
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bilayer cantilever [15],

Ieffective= e1h
3
2

12
+ e1h2

(
h1 +

h2

2
− ȳ

)2

+
h3

1

12
+ h1

(
h1

2
− ȳ

)2

ȳ = e1h2 (h1 + h2/2) + h2
1/2

e1h2 + h1
. (4)

If the thickness of the film to be measured is very small (i.e.
h2� h1), it is obtained from (3) and (4) thatρgradient≈ ρ1.

The uniform residual stress can be relieved through the
free end for a single-layer cantilever. However, for a bilayer
cantilever, it will be exposed to a bending moment by the
uniform residual stresses if the uniform residual strains(ε0)1
and(ε0)2 of the thin films are different. After the uniform
residual stresses are relieved from the films, there are resultant
normal forcesPi and momentsMi acting over each film as
shown in figure 3(b). Since no external forces and moments
are applied to the films, the basic requirement for this bilayer
cantilever is to satisfy

∑
P = 0 and

∑
M = 0. It is evident

for this self-deformed structure that

P1 + P2 = 0 M1 +M2 = P1
h1

2
+ P2

(
h1 +

h2

2

)
(5)

henceP1 = −P2 andM1 +M2 = P2(h1 + h2)/2. In order to
satisfy the equation of compatibility, the total strain for films
1 and 2 must be equal at their interface. Since the cantilever
is bent with a radius of curvatureρuniform, the compatibility
equation becomes

− (σ0)2

E2
+

P2

E2h2w
+

h2

2ρuniform
=− (σ0)1

E1
+

P1

E1h1w
− h1

2ρuniform
(6)

wherew is the width of the films. Note that there are negative
signs for both(σ0)1 and(σ0)2, since they are residual stresses.
The radius of curvatureρuniform determined through (5) and
(6) is

ρuniform=
− 1/e1+H 3

1

6(H1+H 2
1 )
− 1+e1H

3
1

6(1+H1)
− H1

2 − 1
2

(σ0)1− (σ0)2
e1

E1h1 (7)

where H1 = h2/h1 is a non-dimensional parameter.
Therefore, the net radius of curvature of the bent bilayer beam
ρtotal is

1

ρtotal
= 1

ρgradient
+

1

ρuniform
. (8)

Substitution of (3), (4) and (7) into (8) results in the following
relationship

E2 = f (ρtotal, h1, h2, ρ1, ρ2, (σ0)1, (σ0)2, E1). (9)

Therefore, the biaxial elastic modulusE2 can be determined
through (9).

3. Applications and results

In applications of this technique, a PECVD nitride film has
been used in the case studies. Bilayer cantilevers with a
length between 40 and 200µm were fabricated through

conventional bulk micromachining in this experiment.
Cantilevers of different lengths were used to check the
uniformity of the fabrication and the repeatability and
consistency of the measurements. Since the material
properties of the thermally grown SiO2 have been extensively
studied [5, 16, 17], it was chosen as the base layer of the
bilayer cantilever. In short, the bilayer cantilevers consisted
of thermal SiO2 and PECVD nitride. As shown in figures 1(a)
and (b), the SiO2 film was thermally grown onto a (100)
wafer at 1050◦C first and then deposited with a nitride film.
Both of these two films were patterned using lithography and
buffered hydrofluoric acid as illustrated in figure 1(c). The
bilayer cantilevers were suspended above a cavity as shown in
figure 1(d), after the substrate was etched anisotropically with
N2H4. Since the selectivity between single crystal silicon
and the thin films is very large for N2H4, the removal of the
thin films during the etching process is negligible. The SEM
photograph in figure 4 shows several typical micromachined
cantilevers.

The deformation configuration of the micromachined
cantilevers was measured quantitatively using an interferro-
metric profilometry. A typical deflection profile of a bilayer
micromachined cantilever measured in this manner is shown
in figure 5. Hence the radius of curvature of the bilayer can-
tilever ρtotal is determined from the measured profiles. The
radius of curvature of SiO2 and PECVD nitride single-layer
cantileversρ1 andρ2 were also characterized in the same
manner. In addition, the residual stresses(σ0)1 and(σ0)2 of
the films was characterized using a commercialized thin film
stress measurement instrument in this experiment. The resid-
ual stresses were determined by measuring the change in the
global curvature of a wafer after the deposition of the thin
film [18]. In the experiment, the residual stress(σ0)1 of film
1 is considered to be unchanged after the deposition of film
2. WithE1, h1 andh2 being determined from the measured
biaxial elastic moduli and thicknesses,E2 was found in turn
through equation (9).

In the case study, the SiO2 film was 0.33µm thick and
the PECVD nitride film was 0.30µm thick. Figure 6(a) and
(b) shows the measured configuration of SiO2 and PECVD
nitride single-layer cantilevers, respectively. According to
the measurements, the average radius of curvature for SiO2

and PECVD nitride cantilevers wereρ1 = 360µm andρ2 =
780µm, respectively. In addition, the radius of curvature
of the bilayer cantilever determined using the profile in
figure 5 wasρtotal = −190 µm. The residual stresses of
the SiO2 and PECVD nitride films characterized through
the wafer curvature approach were(σ0)1 = −290 MPa and
(σ0)2 = −1120 MPa, respectively. Since the elastic modulus
and the Poisson’s ratio of the wet thermal SiO2 is 70 GPa and
0.15, respectively, the biaxial elastic modulus of film 1 is
E1 = 82 GPa. Therefore, the relationship betweenE2 and
ρtotal, shown in figure 7, is determined through (9).

As indicated in figure 7, the bilayer cantilever is initially
bent downward withρtotal = −6 µm at E2 = 10 GPa.
The radius of curvature of the bilayer cantilever is changed
to −2000µm whenE2 is increased to 275 GPa. When
E2 is near 300 GPa,ρtotal becomes very large; in other
words, the bilayer cantilever is flat. AfterE2 is greater than
310 GPa, the bilayer cantilever is bent upward, and the radius
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Figure 4. SEM photograph of the bilayer cantilevers.

Figure 5. The measured deformation configuration of a 25µm long bilayer beam from interferometric profilometry.

of curvature of the bilayer cantilever is decreased whenE2

is increased. The configurations of the bilayer cantilever for
differentE2 are also depicted by the insets in figure 7. Since
ρtotal = −190µm, the biaxial elastic modulus of the PECVD
nitride film in this experiment isE2 = 182 GPa. Thus the
elastic modulus of the PECVD nitride film isEf 2 = 137 GPa
for the Poisson’s ratio of PECVD nitride filmνf 2 = 0.25 [19].
By way of comparison with the existing results, the biaxial
elastic modulus of the PECVD nitride film is distributed from
85 GPa to 210 GPa [19].

4. Discussion

In general, micromachined structures are always deformed
by the thin film residual stresses. The proposed technique
exploits this characteristic to determine the elastic moduli of
thin films. The advantages of such an approach are twofold:
first, the structure is self-deformed, hence no complicated

setup for applying external loads is required; and second, the
error due to the initial deflection during measurement, such as
the deviation of the resonant frequencies, can be prevented.
Furthermore, it is recommended to characterize the thin film
material properties through multiple approaches in order to
reach a reliable result. Thus, the existing techniques [5–12],
in which the elastic modulus is determined by complicated
setups, can be supplemented with the use of the bilayer
cantilever technique.

The results according to the simulations of thin films
with h2 = 0.1 µm and 0.3 µm thick Si3N4 film deposited
onto ah1 = 1µm thick SiO2 base layer is shown in figure 8.
The three different curves in figure 8 represent the variations
ofE2 andρtotal for radii of curvatureρ2 = 780µm, 7800µm
and−780µm, respectively. In comparisons with the results
shown in figures 8(a) and (b), it is evident that the relationship
betweenρtotal andE2 will not be influenced byρ2 for smaller
h2. Thus, it is not necessary to characterize the radius of
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Figure 6. The measured deformation configuration of: (a) a SiO2

cantilever; and (b) a PECVD nitride cantilever.

Figure 7. The variation of the biaxial elastic modulusE2 and the
radius of curvature of the bilayer beamρtotal.

curvatureρ2 when the thickness of the filmh2 is very thin.
The difficulty in determining the gradient residual stress of
film 2 whenh2 is very thin can be prevented.

The residual stresses(σ0)1 and (σ0)2 of the thin films
were determined through the variations of the wafer curvature
in this study. This approach only gives an average measure
of the stress across the entire substrate. In addition, the
irregular surface topology of the substrate may lead to an
error in stress measurement. Therefore errors of the biaxial
elastic modulusE2 determined through (9) are produced by
the error of the measured residual stress(σ0)2. For instance,

Figure 8. The variation ofE2 andρtotal for three different radii of
curvatureρ2 when the film thicknessh2 is: (a) 0.3µm; and
(b) 0.1µm.

the error propagation between(σ0)2 andE2 is

dE2

E2
=
(
− E1h1

6ρtotal(σ0)2(H1 +H 2
1 )

+
E1h1e

2
1H

3
1

6ρtotal(σ0)2(1 +H1)
+ 1

)−1
d(σ0)2

(σ0)2
. (10)

It is obvious from (10) that a limiting case of the error
propagation is dE2/E2 ≈ d(σ0)2/(σ0)2. In order to prevent
the error of the elastic modulus due to the measurement of
(σ0)1 and(σ0)2 of the thin films, (7) can be rewritten as

ρuniform=
− 1/e1+H 3

1

6(H1+H 2
1 )
− 1+e1H

3
1

6(1+H1)
− H1

2 − 1
2

(ε0)1− (ε0)2

h1. (11)

In (11), the residual strains(ε0)1 and(ε0)2 of the thin films is
used to replace the residual stresses of the thin films. Since
the residual strains can be determined through diagnostic
micromachined beams [13], a more accurate measured value
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Figure 9. Fabrication processes of the bilayer cantilever through:
(a) the fabrication of a single-layer cantilever; and (b) the
deposition of a second thin film.

can be obtained. Moreover, the distribution of the residual
strain can also be measured through the same approach.
However, this approach cannot be applied for a very thin film.

In the presented case, the thin films of the
bilayer cantilever were patterned first and then undercut
simultaneously as shown in figures 1(c) and 1(d). This
is different from the case discussed in [20], where film 2
was deposited after the cantilevers made from film 1 were
fabricated as shown in figure 9. Therefore the uniform
residual stress of film 1 has no contribution to the bending
of the bilayer cantilever in [20]. In other words, (9) is
not appropriate for determining the biaxial elastic moduli
of thin films fabricated through the processes illustrated in
figure 9.
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