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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 The elastic modulus of a thermal oxide depends upon the
growing process (wet or dry) [5]. Therefore, itis not reliable
Thin film materials are used widely in the areas of microelec- to predict thin film material properties from bulk material or
tronics, magnetic recording systems, microelectromechani-through extrapolations of thick film properties.
cal systems, etc[1, 2]. The thickness of the thin film materials Currently several techniques in addition to [3] have
can range from several hundred angstrom, for example thebeen developed to characterize the elastic moduli of thin
overcoat of a hard disk, to several microns, for example a film materials. For example, the load—deflection tests on
micromotor. In order to improve the performance of thin microstructures through the load from electrostatic voltage
film devices, it is necessary to characterize their mechani-and pressure have been discussed [6,7]. Unfortunately
cal as well as electrical properties. The elastic modulus is aa complicated experimental setup is required for these
very important mechanical property. There are several de-measurement techniques. The load—deflection tests using a
sign issues related to the elastic modulus such as resonangurface profiler [8] and nanoindenter [9] are also available.
frequencies and stiffness. In addition, the accuracy of the In these two approaches, mechanical contact between
results from finite element analysis is also very dependent onthe probe and the micromachined structures during the
the elastic modulus. measurement is inevitable. This may lead to some unwanted
Because thin films have thicknesses of the order effects such as friction during the measurement. Indirect
of microns, the traditional elastic modulus determination methods devised for determining the elastic moduli of thin
techniques used for bulk materials, such as the tensile testfilms include technigues that involve measurement of the
are not applied extensively [3]. In addition, the test in [3] resonant frequencies of micromachined beams [10-12]. An
requires a special experimental setup and specimen. Oradditional experimental setup is also required to excite
the other hand, the elastic moduli for components on the the micromachined structures for measuring their resonant
dimensional scale of microns are not evident in advance, frequencies.
and particularly so, to the extent that the process by which This study intends to develop a simple technique to
the thin film is grown affects the material properties [4,5]. characterize the elastic moduli of thin films of any thickness.
For instance, the ion bombardment effect may change theln this technique, the film to be measured will be deposited
residual stress and elastic modulus of a sputtered film [4]. on top of a film with known material properties. As shown
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Figure 2. (@) A bilayer cantilever under gradient residual stresses
(01); and (b) the loadings applied on the bilayer cantilever after the

@ “—‘\-___/— release of the gradient residual stresses.

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 \y
standard bulk micromachining process. Due to the mismatch ® M,
of the residual strains for these two films, the bilayer \y M
cantilever will be deformed without any external loading.

Through the deformation profile of this self-deformed bilayer Figure 3. (a) A bilayer cantilever under uniform residual stresses
cantilever, the elastic modulus of the deposited film is (co); and (b) the loadings applied on the bilayer cantilever after the
determined. In the following text, a theoretical model is "eléase of the uniform residual stresses.

developed to predict the relationship between the elastic = . )
modulus of a deposited film and the deformation profile oxide film and then patterned and etched into a cantilever.
of a bilayer cantilever. Experiments are also conducted Due to the relief of the residual stresses the bilayer cantilever
to demonstrate the applications of the proposed technique Will be deformed, although there are no external forces or
Thus, the elastic moduli of the thin films are determined after Moments. This self-deformed bilayer cantilever is exploited
the diagnostic micromachined cantilevers are fabricated andin this research to determine the elastic moduli of the thin

measured. 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) atey); and(o7); (i is the index

o . . . for different films,i = 1 to 2) respectively. The bilayer
Thin film materials, which were grown or deposited on top of . . : .
cantilever will be bent after the gradient residual stresses as

a substrate, have normally existing residual stresses. For the - . .
ell as the uniform residual stresses are relieved from the

E;si:];p[)fg]mmatlon, the residual stresses can be represente(}ﬁms. Hence, the net deflection of the bilayer cantilever will

2. Theoretical analysis

y be superposed by the deflections lead by liegh and(oy);.

Ototal & 00 + 01 <h72> 1) In short, the proposed analytical model is more accurate
than the conventional bimetallic cantilever model [14] by

In (1), oo represents a uniform residual stress (either in introducing the effect of the gradient residual stréss;.
compression or in tension) angy represents a gradient Afterthe gradientresidual stresses are relieved fromthe films,
residual stress. The uniform residual stressof the thin there is a resultant bending momentacting over the etched
film will be relieved through the free end of a single-layer films as shown in figure 2(b). The momemt corresponding
cantilever. On the other hand, the single-layer cantilever will to the biaxial elastic modulu€; (=E/;/(1 — vy;)), the
be bent by the gradient residual stregswith a radius of moment of inertial;, and the radius of curvatuyg for each

curvature film is simply m; = E;I;/p;. Thus, the bilayer beam is
o= Eh 2 bent with a radius of curvaturgyagient Dy the total bending
201 momenty_ m; [15]
where E = E;/(1 — vy) is the biaxial elastic modulus E L 190
and E; and v, are the elastic modulus and Poisson’s Pradiont = ——ectve _ 2= effective A3)
ratio respectively of the thin film. The model problem mytmy M oah

considered here as illustrated in figures 2 and 3 corresponds e

to a micromachined cantilever that consists of two different where k; is the thickness of the films anel = E/E;.
films as shown in figure 1(d). This situation arises, In (3), p1 and p, are the radii of curvature of the single-
for instance, when a plasma enhanced chemical vapourlayer cantilevers made from films 1 and 2, respectively. In
deposition (PECVD) nitride film is deposited onto a thermal addition, Iefrective iS the effective moment of inertia of the
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bilayer cantilever [15], conventional bulk micromachining in this experiment.
e hy 2 Cantileyers of differenF Ie_ngths were used to gheck the
Tefrective= 1—22 +e1hy <h1 + 5~ y) uniformity of the fabrication and the repeatability and
consistency of the measurements. Since the material
+hj +h hy 2 properties of the thermally grown Si®ave been extensively
2 "\ 7Y studied [5, 16,17], it was chosen as the base layer of the
eha (hy + ha/2) + h2/2 bilayer cantilever. In short, the bilayer cantilevers consisted
= etha + It . (4) ofthermal SiQ and PECVD nitride. As showninfigures 1(a)

. . ) . and (b), the SiQ film was thermally grown onto a (100)

If the thickness of the film to be measured is very small (i.€. \afer at 1050C first and then deposited with a nitride film.

ha < ha), |t.|s obtalngd from (3) and (4) th%fad‘em ~ p1. Both of these two films were patterned using lithography and
The uniform residual stress can be relieved through the p, e e d hydrofluoric acid as illustrated in figure 1(c). The

free end for a single-layer cantilever. However, for a bilayer i,y er cantilevers were suspended above a cavity as shown in

cantilever, it will be exposed to a bending moment by the o, e 1(q), after the substrate was etched anisotropically with

uniform residual stresses if the ynlform residual Str@aﬁ NoH4. Since the selectivity between single crystal silicon

and (ep)2 of the thin films are different. After the uniform and the thin films is very large for {4, the removal of the

residual stresses are relieved fromthe films, there are resultanfhin films during the etching process is negligible. The SEM

normal .for.cesPi and m(_)mentsM,- acting over each film as photograph in figure 4 shows several typical micromachined
shown in figure 3(b). Since no external forces and moments cantilevers

are applied to the films, the basic requirement for this bilayer The deformation configuration of the micromachined

cantll_ever is to satisfp_ P = 0and)_ M = 0. Itis evident cantilevers was measured quantitatively using an interferro-
for this self-deformed structure that metric profilometry. A typical deflection profile of a bilayer
hi ho micromachined cantilever measured in this manner is shown
Pyt P=0 My + M = Plj * P2 <h1 * E) ®) in figure 5. Hence the radius of curvature of the bilayer can-
tilever pyotar is determined from the measured profiles. The
hencePy = —P,andMy + M = Pp(h1+h2)/2. Inorderto  radius of curvature of SiQand PECVD nitride single-layer
satisfy the equation of compatibility, the total strain for films cantileversp; and p, were also characterized in the same
1 and 2 must be equal at their interface. Since the cantilevermanner. In addition, the residual stresées; and (og) of
is bent with a radius of curvatur@niorm, the compatibility  the films was characterized using a commercialized thin film
equation becomes stress measurement instrumentin this experiment. The resid-
ual stresses were determined by measuring the change in the
_o2, P | he 001, P M global curvature of a wafer aftgr the depogs]ition of thge thin
E;  Ezhow  2pynitorm Er  Ednw  2puniorm film [18]. In the experiment, the residual strgss); of film

(6) : - " .
. . ) . 1lis considered to be unchanged after the deposition of film
wherew is the width of the films. Note that there are negative 2. With E4, h1 andhs, being determined from the measured

signs for bothoo), and(op)z, since they are residual stresses. & o1 012 ctic moduli and thicknesség; was found in turn
The radius of curvaturgynitorm determined through (5) and through equation (9).

(6)is In the case study, the Sjdilm was 033 um thick and
_ YetH?  l+eaH} g 1 the PECVD nitride film was B0 xm thick. Figure 6(a) and
Puniform = b(Hi+H) B 2 2] p o @ (b) shows the measured configuration of S&hd PECVD
uniform (50)2 171 L . . . .
(00)1 — 3% nitride single-layer cantilevers, respectively. According to
the measurements, the average radius of curvature for SiO
where Hy = hy/hy is a non-dimensional parameter. and PECVD nitride cantilevers wepg = 360m andp, =
Therefore, the netradius of curvature of the bent bilayer beam 780 um, respectively. In addition, the radius of curvature
Drotal IS of the bilayer cantilever determined using the profile in
1 _ 1 .1 _ ®) figure 5 wasp = —190 um. The residual stresses of
Protal Pgradient  Puniform the SiQ and PECVD nitride films characterized through

Substitution of (3), (4) and (7) into (8) results in the following the wafer curvature approagh qu’?l = —290 M.Pa and
relationship (00)2 = —1120 MPa, respectively. Since the elastic modulus

and the Poisson’s ratio of the wet thermal $i©70 GPa and
E> = f(protl, b1, ho, p1, 2, (00)1, (00)2, E1).  (9) 0.15, respectively, the biaxial elastic modulus of film 1 is
E; = 82 GPa. Therefore, the relationship betwdgnand
Therefore, the biaxial elastic modul&s can be determined  p..,, shown in figure 7, is determined through (9).

through (9). As indicated in figure 7, the bilayer cantilever is initially
bent downward withpgotay = —6 um at E; = 10 GPa.
3. Applications and results The radius of curvature of the bilayer cantilever is changed

to —2000 um when E> is increased to 275 GPa. When
In applications of this technique, a PECVD nitride film has E, is near 300 GPapia becomes very large; in other
been used in the case studies. Bilayer cantilevers with awords, the bilayer cantilever is flat. Aftéf, is greater than
length between 40 and 200m were fabricated through 310 GPa, the bilayer cantilever is bent upward, and the radius
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Figure 4. SEM photograph of the bilayer cantilevers.
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Figure 5. The measured deformation configuration of 2B long bilayer beam from interferometric profilometry.

of curvature of the bilayer cantilever is decreased whgn

is increased. The configurations of the bilayer cantilever for
different E, are also depicted by the insets in figure 7. Since
Protal = —190um, the biaxial elastic modulus of the PECVD
nitride film in this experiment i, = 182 GPa. Thus the
elastic modulus of the PECVD nitride film 5, = 137 GPa

for the Poisson’s ratio of PECVD nitride filoy, = 0.25[19].

By way of comparison with the existing results, the biaxial
elastic modulus of the PECVD nitride film is distributed from
85 GPato 210 GPa[19].

4. Discussion

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 A, = 0.1 um and 03 um thick SgNy4 film deposited
onto ak; = 1 um thick SiG base layer is shown in figure 8.
The three different curves in figure 8 represent the variations

In general, micromachined structures are always deformedof E2 andpioa for radii of curvatureo, = 780m, 7800um
by the thin film residual stresses. The proposed techniqgueand—780um, respectively. In comparisons with the results

exploits this characteristic to determine the elastic moduli of

thin films. The advantages of such an approach are twofold:

shown in figures 8(a) and (b), itis evident that the relationship
betweenpia and E; will not be influenced by, for smaller

first, the structure is self-deformed, hence no complicated ;. Thus, it is not necessary to characterize the radius of

233



Weileun Fang

um
—~ 4
g
E’J 3' (a)
2
= 1
1= 2
a ] N
= o] N
.8 e
k34 S
g o -
5] ; o]
Q 4 T ) um
"o 10 20 30 40 50 60 70 80
Beam length (um)
L um
—_ 4
g
R 3 b
© . i
ﬁ 2
o‘ p
= q.] AN
=} v ..
§ : b N
= 0] ~ |
o X e Te—— " B
A -1 . , um
0 20 40 60 80 100 120
Beam length (um)

Figure 6. The measured deformation configuration of: (a) a,;SiO
cantilever; and (b) a PECVD nitride cantilever.
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Figure 7. The variation of the biaxial elastic modul& and the
radius of curvature of the bilayer beamy.

curvaturep, when the thickness of the fili, is very thin.
The difficulty in determining the gradient residual stress of
film 2 whenh, is very thin can be prevented.

The residual stressdsg); and (op)2 of the thin films

were determined through the variations of the wafer curvature
in this study. This approach only gives an average measure
In addition, the

of the stress across the entire substrate.
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Figure 8. The variation ofE; and py for three different radii of
curvaturep, when the film thickness; is: (a) Q3 um; and
(b) 0.1 pem.

the error propagation betweésy), andE> is
dE; Eihy
E2 <_ 6ptotal(00)2(Hy + H)
ExhetHY )1 d(00)2
Bptotal (00)2(1 + Hi) (00)2

It is obvious from (10) that a limiting case of the error
propagation is @,/ E» ~ d(00)2/(00)2. In order to prevent
the error of the elastic modulus due to the measurement of
(00)1 and(og); of the thin films, (7) can be rewritten as

(10)

_ Yer+H?
6(Hy+H?)

(e0)1 — (¢0)2

l+€lH13

6(1+H;) 2

Puniform =

irregular surface topology of the substrate may lead to an |n (11), the residual strain®o), and(s)2 of the thin films is
error in stress measurement. Therefore errors of the biaxialysed to replace the residual stresses of the thin films. Since

elastic modulugtz, determined through (9) are produced by
the error of the measured residual stresg,. For instance,
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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

(4]
(5]

(6]

(7]

(8]

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

In the presented case,

simultaneously as shown in figures 1(c) and 1(d).

the thin films of the
bilayer cantilever were patterned first and then undercut

This

El

is different from the case discussed in [20], where film 2 [10]

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 [11]

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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